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A study has been made of the sine-wave and square-wave responses of a lens at two 


apertures and several focal positions, 


both on- and off-axis. 


Two focal positions, one of 


which gives the best definition and the other the highest contrast for coarse patterns, were 


located precisely. 
the sine-wave 


ter of the photographically-made target objects, 
targets to obtain their contrast 


calibrating the 


and square-wave responses were measured. 


At these focal positions and at several other arbitrarily chosen positions 


Because of the scattering charac- 
a special technique has been employed for 


as seen by the lens under test. 


The results show that for large apertures of the lens there is some frequency at which 
the response (either sine or square) is the same for the two focal positions (curves cross). 
This phenomenon has been further studied by computing the square-wave response of the 


lens from its sine-wave response; 


and it was found that there is close agreement between the 


computed and experimentally determined responses. 


1. Introduction 


During the past few years the National Bureau 
of {Standards and a number of other laboratories 
have been engaged in a research program with the 
aim of developing a more objective method of assess- 
ing the image qualities of a lens than those methods 
currently in use. 

Among numerous procedures, the one based upon 
Fourier ‘analysis of the object and the image into 
sinusoidal components is of great theoretical interest. 
The striking feature of the Fourier approach is the 
simplicity with which sinusoidally varying luminance 
patterns are imaged. Diffraction and aberrations 
have no effect whatsoever on the sinusoidal shape of 
the image of such a wave, nor on its orientation. In 
other words, the image of a sinusoidal pattern is also 
sinusoidal; only the amplitude (or modulation factor) 
is changed by the imaging process. Thus the per- 
formance of an image-forming system may be de- 
scribed by a graph or table that gives the degradation 
of contrast as a function of spatial frequency for 
sinusoidal objects. Two such graphs or tables for 
sinusoidal objects at right angles to each other com- 
pletely describe the image-forming characteristics 
at one point in the field. 

The method for determining these char- 
acteristics makes use of the multiple line object and 
has been used by several workers [1, 2,3]. For this 
method the image of the lines is seanned by a nar- 
row slit to measure the distribution of flux in that 
image. Recently an improved teclinique was devel- 
oped at the National Bureau of Standards which 
scanned the aerial image directly with a slit and 
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photo-multiplier tube [4]. The resultant variations 
in illuminance in the image were recorded on the 
moving chart recorder. 

One might suppose that the proper focal plane 
at which the measurements should be performed 
would be easily determined as the one at which the 
response (or transfer function) was maximum. Un- 
fortunately patterns of different frequency give 
different focuses for their respective maximum re- 
sponses [5]. Consequently, the selection of the proper 
focus must be judged by additional criteria. Many 
investigators have reported the existence of different 
best focuses, depending upon the criteria. There is 

focus that gives the best resolution of fine detail 
and, presumably, as a consequence, the sharpest 
reproduction of edges. There is another focus that 
gives best contrast of coarse detail. If only coarse 
detail is important, as in 530-line television pictures, 
this focus may be more nearly optimum than the 
other. In a previous work a comparison was made 
between the focal position for highest contrast and 
the position for best definition, using a coarse parellel 
line target [6]. Examination of photographs of the 
pattern indicated a maximum sharpness of edges at 
one focal position while the maximum amplitude 
of the traces gave a different position of ~~ 
contrast, with a separation of several tenths of « 
millimeter between the two positions for the cantleg: 
lar lens tested. Although the results showed this 
discrepancy between the focal positions of highest 
contrast and best definition in a spatial frequency 
area somewhat removed from the limit of resolution, 
near this limit the two criteria were satisfied at the 
same position. 

The conclusion arrived at for the location of the 
position of best definition were based entirely upon 
visual judgment. Also, all observations were carried 
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out using only one coarse pattern and one position, 
off-axis. Therefore, it was felt that further study 
of the problem, using more precise measurements, 
should be made. Thus it is the aim of this paper to 
present accurate procedures to locate the focuses of 
best definition and highest contrast and then to 
measure the sine-wave response and the square- 
wave response over a wide range of frequencies and 
apertures for a given lens in the hope of finding a 
satisfactory explanation of this phenomenon. 
Although the work was done with only one lens, 
a Zeiss Biotar, f/2, with a focal length of 58 mm, the 
results are representative of the performance of 
practically all high grade photographic lenses. 


2. Arrangement of Apparatus 


The apparatus was as shown in figure 1. The 
source was a ribbon filament tungsten lamp focused by 
a condensing lens on the target located at the focus 
of the collimator. Thus illumination in this case 
fulfills the conditions for noncoherence [7]. The 
lens under test was located on a nodal slide in the 
collimated beam. The nodal slide and pickup unit 
were mounted on separate saddles riding on a length 
of ways alined with the optical axis established by 
the collimator. 

Immediately behind the test lens was the pickup 
unit consisting of a microscope, slit, and photo tube. 
In operation the object was moved in the focal plane 
of the collimator so that the image moved across the 
slit. 


3. Description of Targets 


The two targets used in this investigation were 
transparencies on glass plates, with a transmittance 
variation forming a square wave for one and a sine 
wave for the second. There was no variation in 
transmittance in the orthogonal direction. The 
square-wave target consisted of 25 patterns, each of 
which had three dark lines, with lines and spaces of 
equal width. The spatial frequencies in the image 
of the patterns ranged from the coarsest, of 6.12 
lines per millimeter, to the finest, of 97.6 lines per 
millimeter. The sine-wave target had 23 patterns 
producing spatial frequencies in the image of 3 lines 
per millimeter for the coarsest pattern and approx- 
imately 500 lines per millimeter for the finest pat- 
tern. 
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Figure 1. Schematic diagram of the apparatus used. 








The target under investigation was mounted on a 
carriage and moved through the light beam in a plane 
parallel to the image plane along a line at right angles 
to the lines on the target. The scanning speed was 
constant for a given pattern but for coarse patterns 
it was faster than for fine patterns. An effort was 
made to maintain a constant scanning rate in terms 
of lines per minute for the entire target by changing 
target speed with gears. 


4. Calibration of Targets 


Both targets were calibrated using a Leeds and 
Northrup  microdensitometer. The — numerical 
apertures of the microscope and condenser lenses 
of the microdensitometer were approximately 0.35, 
whereas those of the collimator and lens being tested 
were very small, always less than 0.008. This 
difference of geometry between the system in which 
the targets were calibrated and that in which they 
were used resulted in an error. This error was dis- 
covered when the measured sine wave responses 
of the lens were apparently greater than one for 
some of the coarse patterns. This cannot, of course, 
be correct. The discrepancy was attributed to the 
fact that the contrast of photographic materials 
appears greater with small apertures than with 
large because of their scattering nature. 

It is not possible to eliminate this error by per- 
forming the calibration with the aperture of the 
microdensitometer reduced so to match the 
conditions of use. Such a procedure would so 
reduce the resolving power of the microdensitometer 
as to render the calibration useless at the higher 
frequencies. Consequently an indirect calibration 
process was adopted. 

For this calibration a photographic plate was 
exposed to give a series of fairly broad strips, about 
1 cm in width, varying in transmittance by small 
increments over the entire density scale of the 
plate. The type of plate was chosen in order to 
have similar scattering characteristics to that on 
which the target objects were made. The trans- 
mittances of the strips on this plate were measured 
on the microdensitometer; they were also measured 
on the test instrument at a numerical aperture of 
approximately 0.008. The widths of the strips were 
sufficient that the accuracy of these measurements 
was not reduced by the low resolving power of the 
system. The values obtained are exactly the same 
as if the lens system were free from aberrations and 
diffraction. A calibration curve was made by 
plotting transmittance values by test instrument 
as a function of transmittance by microdensitometer 
using the data obtained with the step density plate. 
This is shown in figure 2. 

Obviously the end points, zero and unity, are 
the same on both instruments, but in between there 
is considerable difference. Correction of target 
modulations by means of this calibration eliminated 
responses greater than one and led to satisfactory 
agreement between measured and computed square- 
wave responses. 


as 
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FIGURE 2. Calibration curve for transmittance measured by the 


test instrument. 


5. Procedure 


The initial requirement of each run was to de- 
termine the focal positions of best definition and 
highest contrast for the selected f-stops. Runs 
were made at lens stop openings of f/2 and f/8. The 
position of best definition was determined by using 
a pattern near the limit of resolution but still giving 
enough modulation, compared to the noise level, 
to be measured with moderate accuracy. Several 
scans were made of the same target pattern with 
small change in focal position between scans to 
determine the position yielding the largest signal or 
modulation. Modulation of the image was eal- 
culated using the formula 


M = Trax Trntn, 

t max T i oe 

where 7, is the image modulation produced by the 
lens under test, 7y4x the illuminance of a space, 
and 7). the illuminance of the adjoining line. A 
plot of image modulation against focal position 
was drawn. The maximum modulation of this 
curve determined the position for best definition. 
The procedure was repeated using a coarse pattern 
on the square-wave target and a similar curve was 
drawn to indicate the position of highest contrast. 
There was little difficulty in finding these focal 
positions of the lens on axis but at off-axis positions 
the increased depth of focus of the lens gave flat-top 
curves, especially for the highest contrast positions, 
as can be seen in figure 3. 

Several runs were made at other apertures, 
//2.8, f/4 and {/5—-6, where it was found that there 
was practically no difference between the positions 
of best definition and best contrast. This is an 
interesting phenomenon itself, which is worthy of 





further investigation; but, as we were interested in 
cases where these two focuses were distinct, no 
further results are reported for these apertures. 

After the correct focal positions had been obtained, 
the response was determined for several patterns on 
each target and a plot was made of response as a 
function of frequency for each focal position. This 
was accomplished by moving the target through 
the light beam parallel to the image plane and 
tracing the resultant image illuminances on the 
recorder chart. A pattern consisted of a set of lines 
and spaces of constant spatial frequency. Thus, 
the target pattern produced a spatial variation in 
luminance consisting of a sinusoidal component 
superimposed on a constant component. The ratio 
of the amplitude of the sinusoidal component to the 
magnitude of the constant component is the target 
modulation. An imperfect image of this pattern 
was formed by the lens under test. This image 
was further projected onto the plane of the receiver 
slit with a good low-power microscope objective. 
Thus the distribution of illuminance in the image 
was measured. 

When the target is imaged by the lens under test, 
the modulation is reduced, the degree of reduction 
depending on the quality of the lens. The ratio 
of the modulation in the image to that in the object 
is called the response. This factor generally dimin- 
ishes as the spatial frequency of the pattern increases, 
the lens acting as a low-pass filter on spatial fre- 
quencies. Thus if Af, denotes the modulation of 
the target and M, that of the image produced by 
the lens under test, then the ratio of the two is 
called response, 

& MM, 
M, 

The use of the modulation automatically com- 
pensates for any factor which changes the signal 
output of the testing device proportionally suc +h as 
the transmission factor of the lens, change in bright- 
ness of the source, change in gain of the detector 
amplifier, ete. It must “be remembered that the 
complete response function is actually complex, 
involving both an amplitude and a phase factor, of 
which ® is the amplitude factor. However, for 
measurements made on axis there is no phase shift 
involved. In most cases, for evaluation purposes, 
the phase shift factors can be neglected. 

The square-wave response of the lens was com- 
puted from its sine-wave response, employing Fourier 
analysis. A general object was considered to be the 
summation of a set of sinusoidal waves spatially 
distributed in the object plane, these component 
waves differing from each other in amplitude, fre- 
quency, phase, and direction. The image consisted 
of the summation of the images of these component 
waves. 

The square-wave test object can be analyzed 
into its component harmonics, each of which is 
attenuated by the ® corresponding to its frequency, 
and the squaré-wave response is obtained by adding 
these attenuated harmonies [8]. For the response 
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Figure 3. Curves used for obtaining the focal positions for best definition and highest 
contrast. 
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curve we are only interested in the peak-to-peak 
values which are obtained from the values at the 
centers of the lines and spaces. The square-wave 
response curve on axis is then given by: 


4 l l 
V(w) | (0) 5 &(3w) +> B(5w) — ie (1) 
T o ovo ° 


It should be noticed that there will be only a finite 
number of terms in the sum because there 
limiting value of w beyond which ® is zero for all 
larger values of w. This limit exists because of the 


is a 


finite dimensions of the aperture of the system the ; 

larger the aperture, the higher the limiting frequency. se aahisis 
Figure 4 shows square-wave target curves or axis | %°* 

using a lens stop of f/2. The two solid curves are | § 

the experimental curves plotted from data taken | *o« ale 

in the focal positions of best definition and highest ES 

contrast, while the two dotted curves are obtained o-ca eM 


from values calculated from eq (1). The agreement 
between the experimental and the calculated curves 
is very good. 

It is to be emphasized that comparison of measured 
square-wave responses with computed values was 
entirely unsatisfactory until averages of several 





runs were used for both the square-wave and sine- | 
wave responses used in the computation. Accord- 


ingly, care has been taken to have an average of 
several runs for each curve shown in this investi- 
gation. To convey an idea of the magnitudes of 
the uncertainties of these results, tables 1 and 2 


show the average responses and associated probable 
errors for two different focuses, best definition and 
highest contrast, respectively, for the square wave 
represent 


target. These tables the results of five 


runs each, 
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Figure 4. Best definition and highest contrast curves for the 
square-wave target at f/2 on axis. The two solid curves are 
those obtained by experiment while the two dotted curves are for 
values calculated from the sine-wave response using Fourier 
analysis. 


TABLE 1. PResponses to square waves at the focus of best definition with associaled probable errors; 
measured on axis at f/2. 
Lines/mm 6.12 ’ 19.4 30.7 38. 7 49. 2 55. 2 62.4 69.8 78. 5 88. 4 97.5 
Average response 0. 820 0. 720 0. 62t 0. 492 0. 384 0.310 0. 272 0. 220 0.177 0.151 0.142 0.111 
Probably error +), ORS +-(), (27 +). OVI +-(). OLS +0). OLS +0. 012 +). O12 +0. OOS +0. OOS +-(). OO7 +0. OOS +0. 006 
TABLE 2 Responses to square waves at the focus of highest contrast with associated probable errors; 
measured on axis at f/2 
Lines/mm , 6.12 9.7 19.4 30.7 38. 7 49. 2 55.2 62.4 69.8 78.5 88.4 97.5 
Average response 0. 860 0. 800 0.514 0. 228 0. 158 0.138 0.124 0.114 0. 097 0. O84 0.079 0. 060 
Probable error +0). 027 +0. 026 tO. 035 £0. 015 +0). OOS +0. 014 +0. OO7 +0. 006 £0. 007 +0. OO7 +0. O05 +0. 002 


6. Results 


Figure 5 illustrates the square- and sine-wave 
response curves at an {/2 stop opening on axis and 
at off-axis positions of 6°, 12°, 18°, and 24°. The 
curves for the square-wave show an interesting 
phenomenon. On axis the best-definition and 
highest-contrast curves intersect at a spatial fre- 
quency of 14.5 lines per millimeter with a response 
of 0.56. At 6° off-axis best-definition and highest- 
contrast curves intersect at the spatial frequency of 
11 lines per millimeter, where the response is 0.65. 
At 12° these curves intersect at a point where the 
frequency is 11.5 lines per millimeter at a lower 
response of 0.39. At 18° the frequency at which 
they intersect reaches a value of approximately 9.6 
lines per millimeter at a response as low as 0.34. 
At 24° the two curves intersect at a spatial frequency 
of 17 lines per millimeter at a response of 0.65. 


The curves for the lens at the position of highest 
contrast show that the finest pattern resolved 
decreases in frequency at off-axis positions and 
reaches a minimum of 23 lines per millimeter at 
18° but increases again at 24° reaching a value 
of 46 lines per millimeter, while the best-definitioa 
curves show little change. 

The sine wave shows characteristics similar to 
those for the square wave. On-axis the behavior is 
as expected; but at 6° off-axis the highest contrast 
and best definition curves intersect at a frequency 
of 7.8 lines per millimeter, where the response is 0.71. 
At 12° the two curves intersect at a spatial frequency 
of 10.8 lines per millimeter with a decreased response 
of 0.31. At 18° off-axis the spread between the best 
definition and highest contrast decreases with coin- 
cidence at a spatial frequency of 8.2 lines per milli- 
meter and a response of 0.36. As the lens is rotated 
further about its vertical axis until 24° off-axis is 
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Figure 5. Responses for square-wave and sine-wave targets at f/2 on axis and for four off-axis 


positions, 6°, 12°, 18° and £4°. 
,o, ; 
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reached the best definition and highest contrast 
curves intersect at a spatial frequency of 8.8 lines 
per millimeter with a response of 0.77. It is of in- 
terest to note that at this frequency the response has 
again reached a higher value, closer to that obtained on 
axis. The finest pattern resolved for the highest 
contrast curves decreases in frequency for increasing 
off-axis angles, reaching a minimum of 18 lines per 
millimeter at 18° and then increasing to a value of 
42 lines per millimeter et 24°. 

This suggests that for both targets there is a serious 
effect from aberrations reaching a maximum near 
12° off-axis and then decreasing as off-axis positions 
approach 24°. This obviously is a consequence of 
the zonal nature of the corrections in photographic 
lenses. In this case the observations appear to be 
nost nearly corrected on axis and at about 24° 
off-axis with some deterioration of image quality in 
between. 

Figure 6 shows a set of curves for both targets 
using f/8 stop of the leas on axis and at 18° and 24° 
off-axis positions. It is clearly seen that the results 
obtained with the two targets are similar. The best 





definition and highest contrast curves differ consid- 
erably on axis and at 24° off-axis while the difference 
at 18° is smaller. 

Curves at 6° and 12° with an f/8 stop opening are 
omitted because at these off-axis positions the focal 
positions for best definition and highest contrast 
were very close and no appreciable difference in 
response could be observed on these curves. 

Further runs were made, both on- and off-axis, 
using the f/2 lens stop and four different focal posi- 
tions, two of which were the positions of highest 
contrast and best definition. Two examples are 
given illustrating the effect of changing the focal 
positions. Figure 7 shows curves for the sine-wave 
target at four different focal positions on axis of the 
The best focal position is that of best defini- 
tion. Figure 8 illustrates another set of curves at 
18° off-axis. Here again it is clearly seer that in 
the spatial frequency range of 5 to 6.8 lines per 
millimeter the highest contrast position (0.62) gives 
the highest response while in the range of 6.8 to 12 
lines per millimeter the position next to highest con- 
trast (0.40) is best. In the area 12 to 29 lines per 


lens. 
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Figure 7. Sine-wave response curves for four different focal posi- 
lions on-azis. 


millimeter the next focal position (0.20) is best and, 
finaliy, from 29 lines per millimeter up the position 
of greatest definition (0.05) is best. 


7. Conclusions 


There are a number of conclusions which can be 
drawn: 

1. The square-wave response can be predicted rea- 
sonably well if the sine-wave response is known. It 
is concluded that for a large aperture of the lens 
there is a certain spatial frequency at which the 
best definition and highest contrast curves coincide. 
Its value differs slightly for off-axis positions. 

2. The response for both targets decreases as 
spatial frequency increases. 

3. There is a serious effect caused by lens aberra- 
tions at off-axis positions; reaching a maximum for 
this lens close to 12° and decreasing again at 24°. 

4. Displacement of focal positions at large aper- 
tures shows that the position of best definition may 
be inferior for some purposes. 

5. Curves drawn for locating the focuses of best 
definition, and especially those for locating focuses 
of highest contrast become very flat topped for smail 
apertures. Consequently these two focuses become 
indistinguishable. This is, of course, a manifesta- 
tion of the increasing of depth of focus. 
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Figure 8. Sine-wave response curves for four different focal 
positions at 18° off-axis. 
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Wavelength Shifts in Hg” As a Function of Temperature 
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The wavelength shifts for the green (5460A) and blue (4358A) lines emitted from an 
electrodeless discharge lamp of Hg'* have been studied as a function of the temperature of 
the water jacket of the source. The values of the wavelength shifts observed for the green 
and the blue lines are (8.56+3) 10-§ A/°C and (2+1) 107% A/°C, respectively. 


1. Introduction 

When satisfactory electrodeless discharge lamps 
containing a single isotope of mercury became avail- 
able, several reports [1, 2, 3] ' were given recommend- 
ing the use of this source as a secondary standard 
of wavelength. 

The ease of construction and operation of elec- 
trodeless discharge lamps of Hg" and the high 
intensity and relative sharpness of the widely spaced 
lines of this source have contributed to its wide 
general use for many interferometric and metrological 
purposes. There are no isotope shifts or hyperfine 
structure in the lines of Hg" and because the atoms 
can be excited at relatively low temperature and 
vapor pressure, the wavelengths can be determined 
with great wecuracy, 

Two of the most commonly used spectral lines 
from this source are the green line (5460A) and the 
blue line (4358A). For visual adjustment of inter- 
ferometers the green line of Hg'® is highly satisfac- 
tory and has been used extensively by several workers 
because it lies in the spectral region to which the 
normal eye is most sensitive. 

Although an electrodeless Hg!®* discharge lamp 
is convenient to use, the radiations emitted from 
this source suffer small wavelength shifts due to the 
pressure of the carrier gas and a change of vapor 
pressure of the mercury. Baird and Smith [4] have 
measured the shift due to the carrier gas pressure 
for a number of lines. They also pointed out the 
necessity for operating the source at a low tempera- 
ture, preferably below 10 °C, [5] to reduce the 
asvmmetric broadening and self absorption observed 
at higher temperatures. No quantitative measure- 
ment of this shift has as vet been reported. 

Precision measurements of the wavelength of the 
green Jine have been reported by a number of 
laboratories. [6-11] These values are in disagree- 
ment. The discrepancies among the reported values 
might be due in part to the differences in the oper- 
ating temperatures of the lamps. Consequently, 
a quantitative study of the effect of temperature 
was made. This paper reports the observed wave- 
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length shifts of the green and blue lines as a function 
of the temperature of the water jacket of the source. 


2. Experimental Details 


The source was a Hg'®* electrodeless discharge 
lamp of the type described by Meggers and Westfall 
[12]. It contained 1 mg of mercury. The carrier 
gas Was argon at a pressure of 3 mm of mercury. 
The lamp was excited with a Raytheon microwave 
generator at a frequency of 2,450 Me/s, and was 
operated in a jacket in which water was circulated. 
The radiation from this source illuminated a vacuum- 
enclosed Fabry-Perot interferometer with plate sepa- 
ration of 104.55 mm. The interference patterns 
were imaged on the slit of a quartz prism spectro- 
graph by an achromatic lens of 75 cm focal length. 
The temperature of the water was measured to an 
accuracy of +0.1 °C with a thermometer placed 
close to the outlet. When a constant water tempera- 
ture was indicated, interferograms were taken with 
Kodak spectroscopic plates 103a-F. The exposure 
times were ten seconds and one minute at tempera- 
tures of 40 and 5 °C, respectively. ‘Twenty-four 
exposures were made at alternate temperatures of 
the water jacket of 5 and 40 °C. This procedure 
was repeated for temperatures of 5 and 22.5 °C. 
The diameters of nine rings in the interference 
patterns for the green and blue lines were measured. 
rom these measurements the fractional order at 
the center of each pattern was determined by using 
a procedure described by Meissner [13]. 


3. Results 


The formula used for the calculation of the change 
in wavelength due to a change of temperature of 
the source is 

NW €);—€2 
oer 7 
where Ad is the change in wavelength per degree 
centigrade; 7), 72 are the lower and higher tempera- 
tures of the water jacket of the source. 

\ is the wavelength of the line being measured. 

t is the plate separation of the interferometer. 

€,, € are the average fractional orders measured at 
the specified temperatures. 
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The results obtained are summarized in the follow- 
ing table: 








Nominal | | No. of Wavelength 
wavelength 7, Tz | determi- | shift < 10° 
nations 
—————_“_———_-qKH 
A at: hE A/°C 
ae 5 | ) 10; +9.54+3.0 
See 5 | 22.5 | 10; +7.54+2.5 
| Average +8.54+3 
4358_- 5 40 10 | +2.0+0.8 
4358 __-- | 5 22. 5 10} +2.1+1.3 
Average +2.0+1 





The precisions indicated in the last column are average deviations. 


The results indicate that the wavelength shift is 
nearly a linear function of temperature. Note, how- 
ever, that the shift observed for the green line is 
about four times greater than that for the blue line 
and in the same direction. In both cases the wave- 
length increases with temperature. The green line 
also suffers to a greater extent from self absorption. 
These differences might be attributable to the fact 
that the lower state of the transition from which the 
green line arises is metastable. Therefore, for pre- 
cision work using this source, the blue line at 4358A 
would appear to have advantages over the green line 
at 5460A. 
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Variability of Spectral Tristimulus Values 
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As the spectral tristimulus values of the CIE Standard Observer System for Colorimetry 
are measurable quantities, their variabilities should be known. This paper describes a pro- 
cedure for deriving ‘‘within’’ and “‘between’’ variances and covariances in the spectral 
tristimulus values, based on color-matching data for individual observers. The ‘“‘within’’ 
variances are based on the replications of color-mixture data by an observer. The ‘“‘between”’ 
variances are based on differences among the color-mixture data of individual observers. A 
statistical model is given for the system in which the experimental data are obtained. For- 
mulas for expected values (means), variances, and covariances are developed. Variances 
and covariances belonging to different sources of uncertainties in the experimental data 
are considered. A procedure is developed for determining the uncertainties in the constants 
of a linear transformation to a system analogous to the present CIE system. The formulas 
for variances and covariances after linear transformation are given, for a rigorous empir- 
ically-based choice, and also for an arbitrary choice of transformation constants. The 
complete standard observer system for every 10 my consisting of means, variances, and 
covariances derived from an arbitrary transformation, is listed. The between-observer 
variabilities are found to be about 10 percent of the averages of the color-mixture data and the 
average ratio of the between-observer variabilities to the within-observer variabilities is found 


to be about 5.7. 


1. Introduction 


Since 1931 the International Commission on 
Hlumination has recommended the use of a Standard 
Observer System for Colorimetry [1]... This system 
defines the manner in which spectral data for 
materials are to be reduced to three numbers, called 
tristimulus values, that describe colors of emitted, 
reflected, or transmitted lights. The defining equa- 
tions for these tristimulus values are: 


x | FN Td S22F,N,T ody 
Ya | TN Tydd= 22H .N,Trdr 
Zz = | Zr. T\d\ = Do ZV Ty An 


The quantities 7, Y, and 2, are called spectral 
tristimulus values and are intended to be descriptive 
of the spectral-light response of the average human 
observer with normal color vision. The quantity 
Ny describes the spectral emittance of light sources 
and the quantity 7) describes the spectral character 
of the reflecting or transmitting materials. 

Tristimulus values are usually reduced to chro- 
maticity coordinates by the equations: 


r=X/S, y=Y/S, and z=Z/S, 


where S is the sum of the tristimulus values XY, Y, 
and Z. As 7, Y, Z,, Ny, and 7T\ are measured 





! Figures in brackets indicate the literature references at the end of this paper. 





quantities, they are subject to measurement un- 
certainty, Nimeroff [2,3] has treated, by means of 
propagation of error theory, the manner in which 
variabilities in 7}, and in Nj affect the chromaticity 
coordinates, x, y, and 2. 

The general problem and several special cases 
of propagation of errors in tristimulus colorimetry 
have been treated by Nimeroff [3]. In that treat- 
ment the mean spectral tristimulus values, z, y, and 
2, were estimated by averaging the mean CIE (17 
observers) and mean Stiles’ 2°- and 10°-field pilot 
data (10 observers each). The variances in these 
values were estimated in the usual manner by using 
deviations of these three mean data from the esti- 
mated overall mean values; the covariances were 
ignored. The variances as well as the covariances 
should, however, be more fundamentally estimated; 
that is, they should be estimated from differences 
among color-mixture functions of individual observ- 
ers. Such data became available in 1959. This 
paper describes how this fundamental estimation 
of the between-observer variances and covariances 
may be made for the 10°-field color-mixture data 
of the 53 observers of Stiles-Burch [4] and the 27 
observers of Speranskaya [5], and gives estimates 
of the average within-observer variances and co- 
variances of two observers, one with 4 and the other 
with 5 replications. The estimates of covariances 
are developed on the basis of the data of the 53 
observers of Stiles-Burch. 


2. Statistical Model 


Fundamental color-matching data are obtained on 
a device where an observer is presented two fields 
which he is asked to color-match, by adjusting the 
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amounts of three primary colors: In one field, there 
is a fixed amount, K,, of a given spectral color of 
wavelength.A. The three adjustable primaries hav- 
ing wavelengths 645.2, 526.3, and 444.4 mp may be 
denoted R, G, B, respectively. One is added to the 
field containing the given color, and the other two 
are mixed in the second field. If Ry is the amount 
of the Red (2) primary (in energy units) used in 
matching Ay, and G, and B, are similarly defined, 
then the condition of color-matching may be ex- 
pressed: 


E, =R,+@,+B, (1) 


where the primary which was mixed with the given 
color is represented by a negative quantity on the 
right-hand side of this symbolic equation. 

The complete set of color-mixture data for a single 
observer consists of the amounts of the three pri- 
maries used in matching a series of spectrum colors 
sampling the entire visible portion. These data are 
adjusted so that, in suitable units, (22, Gy, By) repre- 
sent the amounts used in matching a unit amount 
(energy) of the spectrum color at wavelength X. 

The empirical results for the 7th observer may be 
denoted (Ry, Giz, Byy). Omitting the subscript \ we 
consider the following model: 


R,=R- bri T €rt 
Gi=G+ bart eat (2) 


Bb, B+ bai T €pt, 


where each of R,, G,, B; is represented as the sum of 
three terms: FP, the average amount which would be 
used in color-matching in a population of observers 
with normal color vision; the “bias’’ bp; of the 7th 
observer; and an “error’’ eg;. The bias bp; is the 
amount by which the ith observer’s “true” average 
differs from the population average 2. The error 
€x: is the difference between a given observation R, 
and the ith observer’s true average which is (R+-b,,). 
The terms of the second and third eqs of (2) are 
similarly defined. The expected value (true average) 
of error e; is assumed to be zero; thus, for the 7th 
observer, 


ER, R T bri 
EG; G T bos 
EAB, B T ba: 


where FE; denotes the operation of averaging (taking 
the expected value) over the hypothetical set of re- 
peated observations by the 7th observer. 

The “within” variance for the ith observer (for 
the red primary, say) is the average squared deviation 
of PR, from E{R,), 

V(R)=E{R,—E{R JP=E dead. 
If all observers have the same “within” variance, 
then this common variance is denoted by .o%; when 
it is desired to specify the dependence of this vari- 
ance on the wavelength of the spectrum color being 
matched, the subscript \ is restored and the within 
variance is denoted by woz. 





Now, referring again to eq(2), the average or 
expected value of Ry over the whole population of 
observers is 2; E[RyJ=R, where E (without sub- 
script 2) denotes the operation of averaging over 
the population of observers. Therefore, it follows 
that E[bpy]=0. 

The “between” variance, in the population of 
observers, is the average squared deviation of the 
ith observer’s average (/2+-b,,) from the population 
average P, 

r= E| bie. 


It is assumed that the error eg; is statistically 
independent of the observer bias bg; Thus, the 
total variance o% of the observed value PR, for one 
observation by one observer is the sum of the 
within and between variances, and similarly for the 
green and blue primaries: 


; , ) 
Cr—1TR TT wIR 
0G 19G TT wIG (3) 
Cp v9B T wIR.- 


Although it is perhaps reasonable to assume that 
an observer’s “errors”? are not correlated with his 
“biases’’, the analyses of empirical data below will 
show that it cannot be assumed that the three 
observations P,, G,, B,; for the ith observer are 
independent. Accordingly, it is necessary to know 
the covariances. The “between’’ covariances are: 


E\ bridal, E\bpribs:\, El\bebs 


The “within” covariances are: 


EF leri€ai). 


CEG) FE, (RP, EAR I(G E|G;))] 





When we assume that the within covariances are 
equal for all observers, we may then write the total 


covariances as: 


( "( R.G) rOoRG TT wIRG: 
O(R,B) = r0re+ uF rp; (4) 
C(G,B) 19 GR wIGR, 


where, for example, 

rg = EK |bribail 
and 

wIRG E ler €cil. 
No attempt will be made in this paper to estimate 
the within and between covariances separately; 
estimates are given for the total correlations such 
aS pro, defined by eqs (3), (4), and 


O(R,G) 


PRGTRIG (5) 
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The total variances and covariances are estimated 
in the usual way. 
op IS 

n 
ie 2 (R; 


Ok 2 R)?/(n—1) 


i=l 


where n is the number of observers and 2 is the 
average of the R; for the n observers. 


3. Rigorous Transformation to a System 
Analogous to CIE 


Spectral tristimulus values, 7, g, 6, have been de- 
rived from measured color-matching data of the 
primaries, wavelengths 645.2, 526.3, and 444.4 mu. 
An empirically-based system of spectral tristimulus 
values, %, J, 2, analogous to the present CIE system, 
may be derived from these tristimulus values, 
r, J, 6» by means of the eqs (6) below. If we wish to 
locate the chromaticity coordinates of the equal- 
energy point (rp, Yn, Zn) at the point (1/3, 1/3, 1/3) 
we must set a restriction § that LHv= D2. 
This is the purpose of the adjustment factors, f,, fy, 
and /,, respectively. 


DIN 


Ty Ae(hi? T hogy T kesby) (2 
Tr=fy (kara thsgatkeby) =H (6) 


D=fkiPathegGrthkebs) =.21 


We may impose two additional restrictions on the 
system: 

1. That 
Zero, 

2. That no one of the functions, %, 7, 2, be equiv- 
alent to a linear combination of the other two. 


the tristimulus values be not less than 


This restriction is established if the determinant of 


coefficients k; does not vanish, that is, 


k, ke key 
ke ks ke| 0. (6a) 
ky ks Ie, 


placed in the 9 pri- 
1, then ky, ks, and kg 


If all the luminosity, Vy, is 
mary, and if f, is set equal to 
are determined by 

Vyv=, = LNA L + Lob=hrt+ksgrt+theb (7) 
thereby making ky=L,, ks =L,, andkg=L»y. Thesym- 
bols L,, Lg, and Ly are the luminous units of ther g 6 
system. 

The solutions for the &,’s in the # and 2 spectral 
tristimulus functions are not obtained as directly as 
those for the k;'s in the 7 function. Equations (8) to 
(Se) below show how a solution of the k;’s in the # 
function may be obtained. 

The Z equation (eq 8) contains three k;’s to be de- 
termined. A unique solution for k,, k:, and ks requires 
three simultaneous equations. By assigning, tenta- 
tively, a value of unity to k; (eq Sa), no loss of gen- 


For example, the estimate for 





erality is encountered that cannot be accounted for 
by the adjustment factor, f,, in eq (6). 


Ty kin hogy 1 kesby (8) 


y=? rthognt+ksbr. (Sa) 
When this is done, only two simultaneous equations 
are required to solve for the remaining two constants. 
The equations are set up by selecting, at two wave- 
lengths (A; and ,), numerical values for say, %, and 
¥, that will satisfy the requirement that all the tri- 
stimulus values be positive. Equation (Sa) then 


becomes 
Tr, thog i +hgb, (Sb) 
T=F.+hogothsbs (Se) 
and the solutions for k, and k; are given by: 
kea=[(2,—F1)bo— (23—F2)b1)/(Gib2—Geb) (Sd) 
kg=[(23—72)91—(Z{—7)Go]/(Gib2o—Gob1). (Se) 


The constants k; of the 2 function are solved in a 
similar manner as shown by eqs (9) to (9e): 


2, =k + heGat kodr (9) 
=i =herythegat br (9a) 
23=kyrst+hegst bs (9b) 
Skyy theget by (9e) 
kp=[(E3— bs) Ga— (Ei — by) Gsl/(FsGs—749s) (9) 
ks=[(Zi—by) 73— (25—b3)7al/(F3Gs—TFags). (Ye) 


4. Variances and Covariances in a Rigorous 
Transformation 


In general, variances and cevariances based on 
propagation of error theory are: 


t= 2(3n) FZ (Sr, (dn, ee—re 10 


men 


k T ig ‘ x ia V 
wo SL) ) 4B (Oe 


mFn 
(11) 


where U7 and V are functions of (2, . , Ue), and 
the partial derivatives are understood to be evaluated 
at the average values of these variables. The vari- 
ances of 0, '. . ., Up ATC G,, . . -, Oo, aNd o%,, 
denotes the covariance of v;, Um. 

As # is a function of 9 variables (7, g, 6, 71, Gis bis P25 
92, bo), 9 is a function of 6 variables (7, g, 6, L,, Lg, 
Ly), and 2 is a function of 9 variables (7, g, 6, 7s, Gs, 
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ba, 74 Gs» bs), the numbers of terms required by our 
problem can be counted readily. The numbers of 
terms in the variance equations are shown in table 1 
and the numbers of terms in the covariance equations 
are shown in table 2. 


TABLE 1. Number of terms in the variance equations 
A fi 


Variables Variance Covariance | Total 
terms terms 
6 6 15 | 21 
YW y 36 | 45 


TaBLE 2, Number of terms in the covariance equations 


Variables 


Terms 
n m 
yg 6 54 
9 4 81 


Thus, for every wavelength there are required in 
a rigorous transformation from rgb to ryz, 45+21-+ 
45=11 terms for the variances and 54+81+54=189 
terms for the covariances, or a total of 300 terms for 
each wavelength. If the computation of the vari- 
ances and covariances is performed at every 1 mu 
step, as the z, y, Z functions have been derived by 


| stants he indicates that 


| where v; denotes any of the variables, 





Judd [6], from 360 to 830 mu or at 471 wavelengths, | 


some 141,300 terms would need to be computed. 
Observe further that eqs (10) and (11) would 
include covariances between observations belonging 
to different spectral colors. That is, the possible 
correlation between (for example) g; and g, would | 
be included in eq (10) and between 5, and 6, in eq (11) 


OF, 7) =hkiV (7) +koksV(@) +kakeV (0) 


C(Z,2)=hik:V(F) +hoksV (9) +kakoV (6) + (hikes 


OG,2)=kdkerV (7) +khskesV (G) +heokoV (b) + (heakes thskz) C(F,9) + 


To estimate these variances and covariances from 
the data obtained in color-matching by n observers, 
the following formulas are used: 





. 

VH=D F.—h,)(m—1) 82 
i=1 

A... ‘Se " as 

VQ)=D> Gi—dg)?/(n—1) =0% (16) 
i=1 

A 7, s A AQ 

V(6) 6; —Ly)*/(n—1) =65 


kes-+kyks) CCF,5) 4 
1 kok) (7,9) 





5. Variances and Covariances in an Arbi. 
trary Transformation 


The foregoing procedure is completely general and 
rigorous for the conditions where empirical data are 
asked to indicate the choice of transformation con- 
stants, k;, for a transformation to a system analogous 
to the present CIE system. Where one wishes to 
make an arbitrary choice of transformation con- 
the constants are without 
error or correlation with other variables. 

In an arbitrary transformation the variances and 
covariances involving k; are chosen equal to zero 
thus: 

V(k)=Cky, ky) =Cki, vi) =0 (12) 
Tr, g, 6, L, with 


various subscripts. Thus in the transformation, 








Tr kiry T kes T kesby 
Yr kyr) t+-hsgn T kegby (13) 
Zy=hiryt+heGrthods 
the Variance equations are: 
—— oT? — eee, 7 
V(r) =kiV (7) +kV (Gg) +-kV (6) 
kiko (7,9) +hiksC(7,b) +hokyCG,b) | 
V(9) =hRV(F) +43V(G) +42V (6) 
v; _ @» i) 
+-QkgksC(7,g) +hakeO (7,6) +hskoC(G,6) ] 
V(2)=KV (7) +43V (9) +43V (6) 
AksksO(F,9) +hrkeyC (7,6) +keskeol a | 
’ 
(keke t-hesks) C(F,b) + (keahes + keghs) C(G,b) 
(kiky4 keskz) C(F,b) + (kako kegs) O(G,b) (15) 
(kskg +-Kgkz) (7,6) + (kesktgt-keks) € (9,6) 
es n m ay 4 = ‘5 
C(r,g)=>> (F:i—u,) (9i—B,)/(n—1) “O73 
i=1 
A-— es mm ni P 
C(7r,6) (7; —B,)(6;— fy)/(n—1) =65; > (17) 
i=1 
C(G,b) » 9: lig) (0, Ly) (n—1) “O55 
i=1 y, 
and 
" 2k n, Le D9: n, Lp Sb, n, 
i=1 i=l i=l 
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The transformation equations derived by Kelly 
and Judd [6] and being considered for recommenda- 
tion by the CIE for a 10°-field standard observer 
system for colorimetry are: 


F 9 =0.341080 F,o-+0.189145 gy+-0.387529 O10 


7 p= 0.139058 Fo +0.837460 Jo +0.073316 by (18) 


0 


F 9 =0.000000 71) +-0.039553 Gio +-2.026200 6 


210 
As the constants, k,;, of these equations were derived 
in a very complex way, the transformation will be 
treated as an arbitrary one. 


6. Variability of Color-Mixture Data 


The results of a statistical analysis of the Stiles- 
Burch color-matching data may be useful in deter- 
mining the variances and covariances for the trans- 
formation to the proposed new CIE standard 
observer system. The Stiles-Burch data were ana- 
lyzed because in the development of the new system 
they are being given greater weight than those of 
other investigators and because they are available in 
terms of individual observer data. Such an analysis 


was reported by Nimeroff, Rosenblatt, and Danne- | 


miller [7] at the October 1959 meeting of the Optical 
Society of America and the results are given below. 
The Stiles-Burch data were obtained under two 
experimental conditions. For condition I, 24 ob- 
servers were used, while for condition I], 29 observers 
were employed. These two conditions differ in that 
the blue instrumental primary of condition I was 
located at 445.4 my (22,450 em!) while that of 
condition Il was located at 470.6 my (21,250 em), 
The data taken under these two conditions were 
transformed by Stiles-and Burch to an 7gb system 
system in which the blue primary is located at 
444.4 my. To test whether these two sets of trans- 
formed data are significantly different from each 
other the Hotelling 7? test [8] was used. The 7? test 
provides a comparison between the two sets of 
averages p,, representing 7;, g:, 6:, of condition I 
and po, representing 72, g2, b., of condition IT in which 
the three correlated differences between correspond- 
ing averages are evaluated simultaneously against 
the variability present in the data from which the 
averages were estimated. In this test a high value 
of 7? implies that the differences between the aver- 
ages compared are large. The TJ? statistic in 
quadratic form for our problem of three variables in 
each of two conditions for N, and N» observers is: 


ma NiN2 SA aye = \e _s ' 
T?= oN, 4 S44 (Dyi— Poi) (Piy— Pap), (19) 
ial | 4V2 t,J 


where S” is the (7,7) element of the inverse of the 
three by three matrix with elements 


I Pk saad Be oe - 
5 24 (Pin — Pri) Pik Py) 


~ NAN 
Ne _ rin, at . 
+ >9 ( Poixk— Pri) (Pr 5x Pa) | (20) 


k=l a 





The subscripts 1 and 2 refer to the two conditions, 
t and J refer to the three primaries compared two 
at a time, and & identifies the observer for each 
condition. 

The results of this test are plotted on figure 1 
and indicate that the data obtained by Stiles under 
the two experimental conditions are in general 
statistically different even at the 2.5 percent level 
of significance, the exceptions lying between 470 
and 580myu. The difference may result from either 
an improper evaluation of the transformations of 
the two sets of data to a common primary system 
or an inherent dependence on the choice of instru- 
mental primary. This latter supposition, if true, 
would invalidate any attempt to make the data 
obtained under the two sets of conditions comparable 
through such transformation. The differences be- 
tween conditions I and IT, while statistically signifi- 
cant, are in practical terms small. 

In spite of these differences the CIE is proceeding 
to average these data as well as those of Speranskaya 
for 27 observers, to derive the 10°-field tristimulus 
functions, 2Y2 Figure 2 shows the averaged 7 
function with its three lobes, two positive and one 
negative. Also shown are the estimates of between- 
observer standard deviations for the 7 function, 
based on the Stiles-Burch combined data and the 
Speranskaya data. Note that the standard devia- 
tions of these independent investigations are essen- 
tially of the same order of magnitude and range 
approximately from 10 to 20 percent of the mean 
function. 

Strictly, the estimates sbown in figure 2 (likewise 
figs. 3, 4) are estimates of the total standard deviation 
(see eq (3)). As the within-observer variances are 
relatively small, the estimated between-observer 
variances are only slightly over-stated. A satis- 
factory estimate of between-observer variance alone 
can be made only when the data include repeated 
observations by many (if not all) observers. 




















The lower curve gives the estimated within- 
observer standard deviations for the 7 function. 
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Values of the T? statistic for evaluating differences 
I and under 


FIGURE: 1, 
between Stiles’ data obtained under condition 
condition II. 

Critical values of T? at three probability levels are indicated, showing that 
even at the 2.5% level the results obtained under the two conditions are for the 
most part significantly different. 
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Figure 2. 
Means, ©; standard deviations between observers (e;): 
A; standard deviations within observer (..0,). 
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Means and variability of the red-primary data. 
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Figure 4. Means and variability of the blue-primary data, 
Means standard deviation between observers 
A; standard deviation within observer (ye). 


»7»): Stiles A, Speranskaya 


These data are based on the average of individual 
variability of twe observers, one repeating his 
measurements four times and the other repeating 
his measurements five times. As might be expected, 
the within-observer standard deviations are ap- 
proximately an order of magnitude lower than the 
between-observer standard deviations. Note that 
because settings in matches of the primaries them- 
selves are assumed to be free from error the curves 
for the standard deviations are extended so as to 
approach zero at the location of the 7 g6 primaries, 
that is at wavelengths 444.4, 526.3, and 645.2 mu. 

Figure 3 shows the same kind of information for 
the g function with its three lobes, two negative and 
one positive. Here also there is the same agreement 
between the Stiles-Burch data and the Speranskava 
data; the within standard deviations are about an 
order of magnitude lower than the between standard 
deviations. The standard deviations approach zero 
at the location of the primaries. 

Figure 4 shows the data for the 6 function. Here 
there is a disparity between the Stiles-Burch and the 
Speranskaya data in the longwave region. This 
disparity may result from the transformation from 
the instrumental primaries used in the Speranskaya 
investigation to those of the 7g6 system. It is more 
likely, however, that the procedure used by Stiles, 
that of employing for longwave matches a vellow 
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, 


primary at 588.2 rather than a green instrumental 


primary, is responsible for the lower variability of 


the 6 function in this region. 

On figure 5 are shown averages of the between 
standard deviations derived from the data of the 53 
Stiles-Burch observers and the data of the 27 
Speranskaya observers. In the longwave (640 my and 
beyond) region of the b function the averages are 
based on the same weights used by Judd in deriving 
the mean 6 function itself from the British and 
Russian data. The weights for the British data are 
greater than those for the Russian data and increase 
with wavelength. 

It was noted above that the within standard 
deviations are about an order of magnitude lower 
than the between standard deviations. We are in- 
terested in learning whether the ratio of between to 
within standard deviations for the three functions 
can be represented by a single constant independent 
of wavelength and, if so, in determining the magni- 
tude of such a constant. The computation of within- 
observer variability in a transformation to an ry2 
system would be simplified were this permissible. 
Figure 6 shows these ratios for the three color-mix- 
ture functions. The overall average ratio was de- 
rived from the geometric mean and is 5.7 in the 
spectral region 400 to 700 my. The geometric mean 
was used because of the wide disparity between the 
extreme Values, namely 2.0 and 30.9. We consider 
this value reasonably representative of the ratio of 
between to within standard deviations, as better 
than SO percent of the ratios lie between half and 
twice 5.7. 

In the transformations from color-mixture fune- 
tions, 794, to tristimulus values, 742, covariances as 
well as variances need to be known. The correla- 
tion coefficient, p;;, relates the covariance, a4, to the 
Variances, o7, 07, thus: 


Pij =O 55/0 Cj. 


On figure 7 are plotted the correlation coefficients, 
P7zPs7 >» and pzz. In these data, a positive correla- 
tion coefficient implies that if an observer uses more 
or less than average of one instrumental primary in 
making a match he uses more or less, respectively, 
than average of the other primary, also. Conversely, 
a negative correlation coefficient implies that if more 
or less than average of one primary is used, less or 
more, respectively, than average of the other primary 
is used. We note that p> is always positive or zero, 
while p77 is almost always negative or zero. On the 
other hand, pzz is negative in the shortwave spectral 
region, 380 to 590 my, and positive in the longwave 
region, 600 to 720 mu. 

Approximately two-thirds of the correlation coeffi- 
cients are significantly different from zero at the 5 
percent level of significance. The general consistency 
of sign and magnitude among values of the correla- 
tion coefficients at adjacent wavelengths provides 
further confirmation for the general pattern of values 
shown. Although some of the correlation coeffi- 
cients are small in magnitude they should not be 














Figure 5. Mean standard deviation between observers for the 
Stiles-Burch and the Speranskaya data. 
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Fiaure 6. Ratio of the between to within standard deviations, 
for the three primaries, T (@), (A), and b(CO), showing 
overall average ratio at 5.7. 
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Figure 7. Correlation coefficients, pi;, for ij equal to rg (©), 
rb (A), gb (@). 


Dashed lines define the region within which these coefficients are not (statis- 


tically) significantly different from zero at the 5% level. 


neglected in determining the variances and covari- 
ances in the #72 system transformed from the color- 
mixture data. 
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A few qualifications to the interpretation of the 
statistical analyses should be mentioned. First, state- | 
ments concerning “statistical significance” are based | 
on the assumption that the observations are normally 
distributed. 

There has been reported, however, by Judd [9] for 
7 observers and by Wyszecki [10] for 10 observers, some 
evidence that the population of observers with nor- 
mal color vision may be bimodally distributed. A 
limited analysis of the Stiles-Burch data for the 53 
observers was undertaken to see if bimodality is re- 
vealed in their individual observer data. This analy- 
sis showed (see for example fig. 8 for Rs against 
Gso) that although the distribution may be slightly 
skewed, there is insufficient data to conclude the 
existence of any bimodality. If more extensive data | 
should lead to a reliable statement that the distribu- 
tion of the population is bimodal, two standard ob- 
server systems might be required, one for each group. 

A second qualification is required since possible 
correlations among observations for different spectra! 
colors have been ignored because of the arbitrary 
choice of constants in the transformation. For ex- 
ample, the presence of correlation could account in | 
part for the apparently consistent difference between | 
conditions I and II, as shown in figure 1. 

| 


7. Complete*Standard Observer System 


A complete standard observer system should con- | 
tain not only the mean spectral tristimulus functions, | 
F,, J, 2, derived from the color mixture data, but 
should contain, the variances and covariances 


also, 


TABLE 3. Proposed CIE tristimulus functions for 1( 

















A(my) T Yio 21 V@) V(g) 
400 | 0.0191097 | 0. 0020044 0. 0860109 | 0. 000126 0. 00000118 
10 . 084736 . 008756 - 389366 | .000661 0000110 
20 . 204492 . 021391 . 000937 . 0000262 
30 | .314679 . 028676 & . 000737 0000671 
40 | .383734 | .062077 1. . 000385 . 0000448 
450 | .370702 . 089456 1.§ . 000353 . 0000561 
60 | .302273 ‘: 1. . 00109 . 0000995 | 
70 | .195618 | i 00110 . 000272 
80 | .080507 | 0 . 000716 . 000602 
90 . 016172 ; . 000675 00105 
500 . 003816 18502 | .000414 00129 
10 . 037465 112044 | .000325 . 000829 } 
20 117749 060709 | . 000183 . 000457 
30 . 236491 E 030451 | .000143 . 000253 
40 . 376772 . 961988 013676 | .000622 . 000590 
550 . 529826 . 991761 003988 | .00143 . 000668 | 
60 . 705224 ( 000000 | .00283 . 000847 
70 | . 878655 | | . 00437 . 000998 } 
8 | 1.01416 | . | [00569 = | 00113 
90 1.11852 : coe 77405 | . 00588 000947 
| | | 
600 | 1.12399 | . 6: 58341 | .00493 | 000731 
10 | 1.03048 f . 00324 . 000475 | 
20 | 0.856297 E- “00159 000240 | 
30 647467 000575 || «.0000918 | 
40 431567 | . 0000750 . 0000127 
| 
650 268329 | .107633 | .0000470 =| .00000794 
60 152568 . 060281 | ..0000458 . 00000713 
70 0812606 . 0318004 |} .0000129 . 00000192 
80 0408508 | .0159051 | .00000427 - 000000619 | 
90 . 0199413 | . 0077488 | 000000894 | ..000000128 | 
| | 
700 - 00957688 | . 00371774 | - 000000366 | .000000052 | 
10 . 00455263 | .00176847 | | .000000114 | . 000000016 
20 . 00217496 | . 00084619 | | .000000019 | .. 0000000026 | 





——__—___—__J 














—R 500 
FiGurE 8. Plot of Rsoo against Gsoo for Stiles’ individual ob- 
servers indicating no bimodality and very little skewness. 

Condition I (@), condition IT (O), and mean @). Straight lines join outlying 
values obtained under the two conditions, 
of these functions as derived from the within- and 
between-observer variability of the color mixture 
data. 

Table 3 lists, for every 10 my, the spectral tristim- 
ulus values of the proposed standard observer sys- 
tem for colorimetry and the estimated total vari- 


°-field and between variances and covariances in £,9,2 
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V(z) C(z,9) C@,2 C(y,2 
| 0.00256 +-0. 0000104 +0. 000568 +0. 0000467 
| .0132 +. 0000708 +. 00294 +. 000321 
. 0193 | +.0000731 +-. 00421 | +. 000350 
0154 +. 000106 | +.00329 +. 000509 
. 00978 +. 0000816 +. 00189 +. 000355 
. 00815 +. 0000413 + 00161 +. OOO185 
. 0206 —. 0000151 +. 00454 | +. 000136 
. 0180 —. 000101 +-. 00423 —. 000131 
. 00606 —. 000108 +-. 00182 —. 00000827 
. 00234 —. 0000633 +-. 000973 +. 0000759 
. 000593 +-. 000000553 -+-. 000279 —. 000245 
. 000190 +. QOOOOS884 +.000112 —. 0000999 
. 0000549 +. 000109 +-. 0000325 -. OOOO185 
0000271 +. 000100 | +. 00000547 —. 00000204 
. 0000431 +. 000301 +, 0000133 —, 0000285 
. 000105 +. 000528 +. 0000531 —. 0000700 
. 000100 +. 000960 +. 000102 —. 0000513 
. 0000942 +. 00142 +. (00147 —. 0000107 
. 0000778 +. 00181 | ++. 000184 +-. 0000381 
- 0000652 +. 00194 | +. 000194 +. 0000806 
| 
. 0000379 +.00170 | +. 000148 +. 0000720 
. 0000248 +. 00116 | +. 000102 +. 0000518 
. 0000123 +. 000601 +. 0000449 +. 0000222 
. 00000587 +. 000226 +-. 0000120 +. 00000591 
- 000000280 +. 0000305 +-. 000000138 +. 000000067 
. 000000050 | +. 0000191 | +. 000000052 +. 000000032 
. 000000043 | +. 0000179 +. 0000001 66 +. 000000091 
. 000000016 +. 00000492 | +. 000000084 | +. 000000044 
0000000017 +. 00000161 =| +. 000000013 | +. 0000000077 
. 00000000043 | +. 000000335 | -+-. 0000000030 +-. 000000001 6 
- 00000000016 +. 000000137 +-. (ON0O0000088 +-. 00000000049 
. 000000000039 | +. 000000042 +-. 0000000001 2 +-. 000000000086 
. 0090000000043 | +. 0000000069 +-. 0000000000027 +. 0000000000051 





V(z), V(g), V(2), and covariances, C(%,7%), 
C(%,2), C(gj,2), for these spectral tristimulus values 
derived on the basis of an arbitrary transformation. 
It should be noted that the variances in table 3 are 
(5.7)? or 32.5 times those in table 4. 


ances, 


TABLE 4. Within variances in x, Y, 2 
» 
(My t rly (2 
100 0. 00000390 0. 0000000364 0. 0000788 
10 OO0C204 QO00000338 000407 
20 QOOO288 OQOOQOD00806 OOO5S95 
30 . 0000227 09000207 000475 
40) OOOOLLY 00000138 000301 
150 OOOO L09 00000173 . 000251 
60 0000337 00000306 . 000635 
70 0000340 QO000837 . 000556 
80 . 0000220 QOOO1LS85 000187 
90 . 0000208 0000322 0000720 
5OO 0000128 0000396 . DO00183 
10 0000100 0000255 QOOO0587 
20 Q0000562 0000141 00000200 
30 00000440 00000779 000000834 
40 . 0000192 . OOOOLS82 . 00000133 
550 0000441 0000206 . 00000324 
60 QOOOR7 1 . 0000261 . 00000309 
70 OOO135 OCO0307 00000290 
SO) OOOLT2 . 0000347 00000240 
90 OOOLS1 0000292 00000201 
600 000152 0000225 OOOOO1LL7 
10 0000999 0000146 000000764 
20 0000489 . 00000740 OQOOO00380 
30 . OOOO177 00008283 OOOODO0 181 
10 . 00000231 00000039 1 OOOD0000862 
650 . 00000145 000000245 00000000 154 
60 OOO00141 . 000000220 . 00000000132 
70 . 000000398 O0O0000059 1 . 000000000493 
80 000000131 . 0000000191 0000000000524 
90 0000000275 00000000394 0000000000 132 
700 0000000113 00000000 160 00000000000493 
10 0000000035 I 000000000493 . DOD00000000 120 
20 QOOOQ0000585 OOOOO0000080 1 000000000000 132 


8. Applications of the Complete System 


As the individual observer data, on which the 1931 
system is based, have been lost in antiquity, this 
system can be used only to determine what color 
matches the standard observer would make. A com- 
prehensive analysis of color-mixture data in terms of 
means, variances, and covariances permits use of the 
proposed system to determine, in addition, the region 


of within and between uncertainties; that is, the ex- 
tent to which a normal observer tends to make dif- 
ferent matches on successive attempts, and the extent 
to which different normal observers vary one from 
another. 

Some applications of the variances and covariances 
in the ry z system have been reported by Nimeroff [3] 
and by Wyszecki [11]. Further applications are sure 
to be suggested when a complete standard observer 
system for colorimetry, consisting of means, vari- 
ances, and covariances, is established. 


The authors are pleased to acknowledge the en- 
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Extension of the Flory-Rehner Theory of Swelling 
to an Anisotropic Polymer System 


Stephen D. Bruck 
(July 26, 1961) 


The Flory-Rehner theory for isotropic swelling of rubber crosslinked in the dry state is 
extended to an anisotropic system crosslinked in the dry, oriented state. The new param- 
eters introduced into the equation can be readily determined from dimensional changes of 


the fiber in a suitable solvent using a photomicrographiec technique. 


Unlike other methods, 


such as the eathetometric and weight methods, this technique enables the attainment of 


swelling equilibrium usually within 30 minutes. 


Good agreement is obtained between the 


equivalents of crosslinks calculated from chemical analyses and from swelling measurements, 


respectively. 
1. Introduction 


An important objective in the proper evaluation 
of networkjstructures is the determination of the 


~» and the 


Vo 


calculation of fthe average molecular weight be- 


ae ee 
swelling fequilibrium volume ratio g,.= 


em. 


tween crosslinks (.V/,). There are two classical 
methods for the determination of the swelling equi- 


librium volume ratios: (a) the weight method, and 


(b) the linear method with a cathetometer. Using 
the weight method one obtains the ratio of the 


weight of the swollen network at equilibrium to the 
weight of the unswollen crosslinked polymer, and 
from a knowledge of the densities of the solvent and 


Vo 
ume of the swollen network at equilibrium and V5 
volume of the unswollen crosslinked network). 
Using the linear method one measures the length of 
the fiber at swelling equilibrium (1), and the length 
of the original fiber in the dry state (Zo). The equi- 
librium volume swelling ratio, g», Will then be equal 
by. oF : 
to ( -) if the svstem is isotropie. 
Ly 


polymer, one can calculate g,= 7 (where V= vol- 


With relatively highly crosslinked networks, espe- 
cially in oriented fibers, neither of the 
above-mentioned methods is practical. Swelling 
equilibrium in this case is reached very slowly (up to 
several weeks) because of surface effects of the fiber. 
Also, because the system is anisotropic, g, is no 
longer equal to (L/L,)°. 

It is the object of this paper to present a modifi- 
cation of the Flory-Rehner theory of swelling and to 
describe a photomicrographic technique for the rapid 
determination of swelling equilibrium volume ratios 
in crosslinked fibers. The Flory-Rehner theory for 
isotropic swelling of rubber crosslinked in the dry 
state is extended to an anisotropic system cross- 
linked in the dry, oriented state. It is shown that 
good agreement is obtained between the equivalents 
of crosslinks calculated from chemical analyses and 
from swelling measurements, respectively. 


case of 





Modification of the Flory-Rehner Theory of Swelling. 
Although the Flory-Rehner treatment [1, 2]' of the 
isotropic swelling of rubber crosslinked in the dry 
state has been found to apply to radiation cross- 
linked, essentially isotropic polyamide films [3], 077- 
ented (hence anistropic) structures represent a diffi- 
culty. The Flory-Rehner expression for the isotropic 
swelling of rubber is: 


X1V3m 


. 
=i (1. 


where ?=1/qm, Which is the ratio of the volume of 
the unswollen network (V5) to the volume of the 
swollen network at equilibrium (V); V,=molar vol- 
ume of solvent; 7=specific volume of swollen poly- 
mer; \f/,=number average molecular weight be- 
tween crosslinks; .\/=primary number average 
molecular weight of polymer (before crosslinking); 
X; interaction parameter which is a measure of the 
interaction energy of solvent molecules with polymer. 

According to Flory [4] the term 1/,=a?, where 
a, is the linear deformation factor; hence the above 
equation may be rewritten as follows: 


ies 2M.\(2_ 1 
Vom) +0em+X1V om! ap! M ha 


(1b) 


—[In (1—Vom) +02m74 
i.) ee 

=) “am ) la) 
- - 05. ——— (la 
Do ie Silas 2, 


—|InQ 


Since in the case of crosslinked, anisotropic fibers 
swelling does not take place equally in three dimen- 
sions, the linear deformation factor, a,, must be so 
expressed as to identify the swelling components in 
the x and y directions. Hence the equilibrium vol- 
ume swelling ratio for an anisotropic crosslinked fiber 
(2-dimensional isotropy where a,#a,=a,) may be 
expressed as: 

V LX¥P : 
Im >= (2) 
Vo bxD 


0 


1 Figures in brackets indicate the literature references at ihe end of this paper 


485 








where V=volume of swollen structure at equilibrium ; 
V,=volume of unswollen network; L=length of 
swollen structure at equilibrium; D=diameter of 
swollen structure at equilibrium; Z)>=length of un- 
swollen structure; D)>=diameter of unswollen struc- 
ture. 

In order to utilize the parameters L, Lo, D, and 
Dy, additional terms must be introduced into the 
original Flory-Rehner equation. The modified equa- 
tion is derived using the equations in the Flory- 
Rehner treatment, as follows (see also references [1, 
2, and 4}): 

(3) 


AF=AF,,+ AF, 





where AF'=total free energy change involved in the 

mixing of pure solvent with the crosslinked network ; 

AF,, = free energy of mixing; AF,,—elastic free energy. 
The free energy change on mixing is: 


AF,,=AH,,— TAS, kT |\n, In A X1Nvo] (4) 
where 7,;=volume fraction of pure solvent; v.=vol- 
ume frac tion of polymer; n,;=number of solvent 
molecules. 

Also the elastic free energy is: 
(5) 


AF.,=AH,,—TAS,, 





where AS,,=change in entropy due to configura- 
tional change of the network; AH,,=change of 
enthalpy of the network which approximately =0 
because (by analogy with the deformation of rubber) 
the deformation process during swelling is assumed 
to occur without appreciable change in internal free 
energy of the network. From the statistical theory 
of rubber elasticity, 


= Ge Dv. la? T a 


AF, +e?—3—In (azaya,)| (6) 
where a,=linear deformation factor in y direction; 
a,;=linear deformation factor in z—direction; a, 
linear deformation factor in z direction; and », 
effective number of chains in the network. 


Since in the case of two-dimensional isotropy, | 
such as in crosslinked fibers, a,#a,=a,, then, 
calling a= a, a, 

; k Ty, . 
AF .,=— TAS = 5 [2a?+-a2—3—In (a@a,)}. (7) 


The chemical potential of the solvent in the 
swollen network with two-dimensional isotropy 
(fibers) is: 





widen (Rate) 4 N[(PaFady (a 
On, /rp 2 O(a) (2) 
+( Sate) (Stee?) 
= (S) 
O(a;) 5a)) T.P 
where N=Avogadro’s number. Evaluating the 
terms in eq (8) and noting that 


at equilibrium | 


swelling y,;=y? and 7,=1,, we get: 


— [ln (1— 02m) +02m+Xi03m] 
Vv; 2M, 1 _ 
o'r) (a aacta:) ©) 
or 
V l a 
—_ on \ ata te) 
M,.= : : er 
[1m (1— dom) + 02m +X 2 i4e Lf - +*5) 
7M Qa, aay a? 
(9b) 
In the above equation, a : and a ms 
: Lo Dy 


2. Experimental Procedure 


Experiments were conducted on a series of 7.8 


Tex (60 denier)/32 filament nylon-6 (polyeapro- 
lactam) fibers, M, (number average molecular 
weight) = 14,000 (from end-group analyses). Cross- 


linking was carried out with gaseous formaldehyde 
on the solid, oriented (drawn) fibers [5]. It can be 
shown that the total equivalents of amide groups 
in 10° g of nylon-6 polymer is 8,850 (neglecting 
end-groups), which corresponds to a_ theoretical 


maximum of approximately 4,425 equivalents of 
crosslinkages if all nitrogen atoms (in crystalline 


and amorphous regions) were substituted. Since 
nylon-6 fiber is approximately 50 percent crystalline, 
there would be a maximum of approximately 2,212 
equivalents of crosslinkages in the amorphous 
portions of 10° g of polymer. 

The values L, Lo, D, and D, are obtained from the 
dimensional changes of small segments (about 0.5 
mm) of single filaments in a suitable solvent (such 
as m-cresol) using a microscope and a micrometer 
evepiece or a photomicrographic assembly. A small 
segment of the yarn is placed on a microscope slide 
and onto the phase-microscope stage. The specimen 
is photographed using a Polaroid camera (or meas- 
ured with a micrometer eyepiece) with a magnifica- 
tion of between 100 to 400 depending on the 
dimensions of the fiber. From the photographs the 
values L, Ly, D, and Dy can then be readily 
measured. 

Swelling measurements were carried out with m- 
cresol as the swelling agent at 25°C. Figure 1 illus- 
trates the relationship between the calculated AZ, 
(average molecular weight between crosslinks) and 
the experimentally determined gq, (equilibrium 
swelling volume ratio) values. The values for M, 
were calculated by using eq(9b), above, where xX, 
—(.38 which value was obtained from the literature 


[3]. Figure 2 shows the equivalent number of cross- 
links (—CH,—) between adjacent amide nitrogen 
atoms, calculated from chemical analyses and from 


alien measurements, respectively, and their rela- 
tionships to the percent formaldehyde. There is a 
good agreement between the results obtained from 
swelling measurements and chemical analyses, at 
least up to 1,000 equivalents of crosslinks per 10° g 
of polymer (or 3 percent formaldehyde). This is 
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Figure 1. The relationship between M. and m. 

further illustrated by figure 3 in which the equivalent 
number of crosslinkages calculated from swelling data 
is plotted against those calculated from chemical] 
analyses [6]. The approximate margin of error, also 
indicated in figure 3, arises from the visual limita- 
tions of measuring the dimensions of the swollen fibers 
from photomicrographs. That equilibrium swelling 
was achieved within 30 min was established from the 
fact that the g, Values showed no further changes 
bevond 30 min of swelling. 

This good agreement indicates that the Flory- 
Rehner theory can be extended to this anisotropic 
system and suggests its possible general application 
to some anisotropic networks. 

It is not vet clear to what extent it is possible to 
apply a modified Gaussian theory to an anisotropic 
network. However, the good agreement here with 
experimental data is encouraging. Current discus- 
sions on the theory of network structures [7, 8, 9] 
indicate that a rigorous analysis of this very complex 
problem is necessary and the present work suggests 
the desirability of further experimental data on nu- 
merous other polymer systems. 
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Crosslinked Self-Crimping Polyamide 
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A structural modification of nylon-6 fiber (polycaprolactam) was achieved by the 


introduction of a high density of intermolecular disulfide crosslinkages. 


The crosslinking 


process leads to an unexpected three-dimensional crimping in the dry and wet states (similar 
to wool), and to the tormation of helical coils if swelling is carried out in a solvent capable 


of destroying the crystallites remaining after crosslinking. 
observed previously in round cross-section synthetiz homofibers. 


This phenomenon has not been 
A possible explanation is 


advanced which attributes this crimping and coiling tendency to differential swelling caused 
by the varying crosslinking density across the fiber axis and to structural asymmetry resulting 


from the crosslinking process, 


1. Introduction 


Although the use of crosslinking reactions has 
markedly changed the properties of rubber, very 
little work has been published on the chemical inter- 
molecular crosslinking of oriented, semicrystalline 
structures, such as synthetic fibers. Some work 
which has appeared in the literature deals with cross- 
linking reactions on dissolved polymer systems, but 
such preformed networks cannot be readily spun and 
drawn into fibers. It seems reasonable to expect, 
however, that at least some of the numerous known 
organic reactions could be utilized to bring about 
structural changes in synthetic homofibers which 
could markedly affect their properties. 

This paper deals with the structural modification 
of nylon-6 fiber (polycaprolactam) as the result of 
a four-step disulfide crosslinking reaction. It will 
be shown that under suitable conditions this process 
leads to unexpected three-dimensional crimping in 
the dry and wet states (similar to wool), and to the 
formation of helical coils if swelling is carried out in 
a solvent capable of destroying the crystallites 
remaining after crosslinking. This phenomenon has 
not been observed previously in round cross-section 
svnthetic homofibers, such as nylon-6. 

In general, crimping in synthetic fibers can be 
induced either by mechanical means or by the prepa- 
ration of heterofibers in which two polymers of dif- 
ferent shrinkage characteristics are spun side-by-side 
from the same spinneret giving fibers with bilateral 
structures [1]'. Among the natural fibers, wool has 
been found to have a bilateral, heterostructure com- 
posed of the orthocortex and the paracortex [2]. 
Crimped rayon staple is being made by the spinning 
of asymmetrical cross-section viscose into a specific 
low-acid coagulating bath and subsequently stretch- 
ing the filament bundle in a hot bath [3]. 


1 Figures in brackets indicate the literature references at the end of this paper. 





2. Introduction of Intermolecular Disulfide 
Crosslinks 


The existence of disulfide crosslinkages in” wool 
fibers and other proteins is well known. Many of 
the unique properties of these systems have been at- 
tributed to these crosslinkages. The relative ease 
with which the sulfhydril groups may be oxidized to 
the disulfide linkages offers a promising approach to 
the study of chemical reactions which could lead to 
similar crosslinking of synthetic fibers. Polycapro- 
lactams appear to possess the necessary requirements 
by virtue of their amide groups. Instead of using 
dissolved polycaprolactams, the use of already spun 
and drawn fibers offers a greater challenge inasmuch 
as such systems have a “build-in” crystallinity and 
orientation which should influence the final properties. 
Thus, for the present study nylon-6 fiber was 
chosen. 

Early work by Cairns and coworkers [4, 5] de- 
scribed the preparation and some properties of N- 
methylol, N-alkoxymethyl, and N-alkylthiomethyl 
polyamides. Although these reactions were carried 
out while the polymers were in the dissolved state, 
they are of interest as potential precursors for cross- 
linking. It seemed desirable to investigate tech- 
niques aimed at the further development and appli- 
cation of some of these reactions on solid structures 
with the objective of introducing a large number of 
disulfide crosslinks into nylon-6 fiber. 

The following chemical reactions are involved (for 
details of procedure, refer to Experimental section) : 


A. 


H H+ N—CH2—O0O—CH3; 
+C H2(O0H) OCH; +H.0O, 
( Oo hemiacetal of C=0 
formaldehyde and 
methy! alcohol 
(1) (11) 
B. 
NH NH-HC1 
| ‘ H 
N—C H;:—O—C H34+ 8S =( — N—C H2—S—( +CH;0H, 
C=0 NH Cc=0 NH 
(688) (IIT) 
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Cc. NH-HCl 
KOH 
N—C H;—S—C —> N—C H,—-SH+(H2NCN)x, 
(K) 
C=O NH: Cc=0 
(II) (lv) 
dD [O] 
N—C H;—SH——>N—CH S—S—CH?:—N 
(K) 
C=O C=O Cc=0 
(IV) (V) 


Step A involves the reaction of the amide hydrogen 
with the hemiacetal of formaldehyde and methyl- 
alcohol in the presence of strong acids, producing 
an N-methoxy-metiylated polycaprolactam (II). 
The structure of this product has already been estab- 
lished [4] from the facts (a) N-methoxy-methylated 
polyamides produce formaldehyde in good agreement 
with the expected quantities predicted from methoxy] 
analyses, (b) polyamides prepared from N,N’-alkyl- 
ated diamines do not react with the hemiacetal of 
formaldehyde and methyl alcohol, and (c) infrared 
absorption spectroscopy indicates a substantial de- 
crease in the intensity of certain —NH absorption 
bands in the N-methoxymethylated polyamides. 

In the present work, the N-methoxymethylation 
of solid nylon-6 fiber resulted in the formation of 3 
to 4 percent methoxyl (depending on the experi- 
mental conditions used) which corresponds to an 
amide substitution in the polymer of approximately 
11 to 15 percent. X-ray diffraction patterns of the 
N-methoxymethylated and unmodified fibers show 
no change of crystallinity, indicating that most likely 
only the amorphous regions are penetrated by the 
reagents. Since nylon-6 fiber is about 50 percent 
crystalline, 22 to 30 percent of the amide groups in 
the amorphous regions of the polymer were meth- 
oxymethylated. 

Steps B and C involve the reaction of the methoxy- 
methylated fiber with thiourea in the presence of 
strong acids and subsequent treatment with alkali 
to yield the sulfhydril product (IV). These reac- 
tions are analogous to the preparation of methyl- 
mercaptans from thiourea and alkyl halides (6): 


NH. NHi:"}* 
/ NaOH 
RX+S=C — | R—S—C X — RSH 


NH: NH» 
+NaX+H20+(I:NCN)» 


To determine the effect of the reaction medium on 
the extent of reactions A, B, and C, experiments were 
carried out both in water and in methyl alcohol, 
respectively, since the latter is a plasticizer for N- 
methoxymethylated polycaprolactams. In case of 
the experiments in water, methoxymethylated nylon-6 
fibers were treated with thiourea and hydrochloric 
acid under various conditions, and then reacted 
with potassium hydroxide with concurrent air 
oxidation. Thus, the final structure contained both 
sulfhydril groups and disulfide crosslinks. Table 1 
(samples 1 to 4) summarizes the pertinent analytical 
data. The percent of sulfur represents the combined 
quantities of sulfhydril groups and disulfide cross- 
linkages. The sulfur content of the samples varied 


from about one to two percent, depending on the 
conditions used. 

The extent of crosslinking could also be estimated 
| by equilibrium volume swelling measurements de- 
| veloped by Bruck [7] using a solvent (such as m- 
cresol) that could dissolve the uncrosslinked fiber. 
The symbol q¢,, represents the ratio of the volumes of 
the swollen to the unswollen structures, V/V, at 
equilibrium [8]. The observed q¢,, values (table 1) 
are rather large indicating relatively few crosslink- 
ages; this could be expected from the sulfur analyses, 
and from the mild air-oxidation treatment. 

Although only a moderate number of crosslinks 
were present, cross sections of these fibers indicated 
that the intermolecular disulfide crosslinkages are 
not confined to the surface of the fiber but extend 
throughout the entire structure [9]. It is quite 
possible, however, that a larger number of crosslinks 
are located nearer to the surface than towards the 
center of the filaments. The significance of this will 
be discussed in a later section of this paper. 








TaBLE 1. Analytical data on structurally modified nylon-6 
fibe rs 1 


Amide | Swelling Comments 


No, ?| Total $ Reaction | substitu- ratio, 
medium tion Gm! 

Dry or wet m-cresol 
| 1 22 Water 7.4 11.7 | Very few Helix 
| crimps 
| 2 1.0 do 3.6 14.4 do Do. 

3 1.3 do 4.8 6.9 do Do. 
4 1.0 do 3.6 8.5 do Do, 
) 2.9 | Meth 10.3 6.7 | Highly crimped_} Helix 
anol. 
| 6 3 do 12.4 1.3 do Do. 
| 7 , do 9.5 4.3 do Do. 


N-methoxymethylated nylon-6: 3.4°% methoxyl groups 
2 For reaction conditions refer to Experimental section 
3 Total sulfur includes both sulfhydril groups and disulfide crosslinkages, 
4 Measured photomicrographically after 24 hr air-oxidation ¢,=\7/V., where 
V=volume of network at equilibrium swelling, 1 volume of network before 
swelling. Swelling agent: m-cresol. 


In another series of experiments methyl alcohol 
was used as the reaction medium. The plasticizing 
effect of this solvent on N-methoxymethylated 
polycaprolactams facilitates the opening of the 
amorphous regions with some decrease in the crystal- 
linity of the fiber. The experiments were carried out 
at room temperature since hot methyl alcohol partially 
dissolves the methoxymethylated fiber. Table 1 
(samples 5 to 7) summarizes the results. The total 
quantities of sulfur (representing sulfhydril groups 
as well as disulfide crosslinkages) varied from 2.7 to 
3.5 percent depending on the conditions used, a 
substantial increase over the reactions that had 
been carried out in water. Increased crosslinking is 
reflected by the decreased g, values. 

Birefringence measurements which were carried 
out on unmodified, and on methoxymethylated 
nylon-6 fibers (using a slot compensator and sodium 
D light) disclosed only small variations along a given 
fiber axis of approximately 2’’ length. Birefrin- 
gence=(n,—n2)=P/t, where n, and ny are the refrac- 
tive indices along and across the fiber axis, respec- 
tively, R=retardation in millimicrons (measured 
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with the compensator), and ¢=thickness of the fiber 
in millimicrons. The birefringence values of these 
samples varied between +0.055 and +0.060. Fur- 
thermore, X-ray diffraction patterns showed no 
appreciable changes in the total crystallinity of 
these samples, a good indication that the N-meth- 
oxymethylation reaction is confined largely to the 
amorphous areas of the fiber [10]. Birefringence 
measurements on the disulfide-crosslinked structures 
that had been treated in water showed only small 
fluctuations along a given fiber axis, unlike those 
samples that had been treated in methanol. These 
latter samples showed birefringence values that 
ranged from +-0.028 to +-0.049 for five measurements 
along approximately 2’’ length specimens. The 
reason for this may be the partial disruption of the 
crystallites due to the plasticizing effect of methyl 
alcohol and the structural strain caused by the 
intermolecular crosslinks. 

In order to determine the effect of oxidizing agents 
other than air on the formation of disulfide crosslinks 
from sulfhydril groups, hydrogen peroxide and 
iodine (both well-known oxidizing agents for sulfhy- 
dril groups) were investigated. The samples de- 





scribed in table 1 were further subjected to oxidation 
by H,O,. When dilute solutions of the peroxide 
were used for 30 min, additional crosslinkages 
appeared in the polymers over those already intro- 
duced by air oxidation. This was evidenced by | 
decreased gm values as summarized in table 2. On | 
the other hand, more concentrated solutions of | 
H,O, (or I) caused injury to the fibers which is not | 
surprising considering the general sensitivity of 
nylons to prolonged exposure to strong oxidizing 


agents, 


mp j , 
Paste 2. Equilibrium volume swelling ratios! of samples 
oxidized by air and hydrogen peroxide 


Sample | Oxidized by | Oxidized by | Oxidized by 
No ir—24 hr | H,O,—30 min | H,O.—4 hr 
dm dm dm | 
) 6.7 5.9 
6 4.3 3.9 3.5 
7 4.3 1.1 3. 9 


! Measured photomicrographically, @m=V/Vo, where V=volume of network at 
equilibrium swelling, )o=volume of network before swelling. Swelling agent: 
m-cresol, 


3. Crimping of the Disulfide-Crosslinked 
Fibers 


The disulfide-crosslinked nylon-6 fibers exhibited 
unexpected three-dimensional wavy crimping of 
uneven distribution and dimensions, both in the wet 
and dry states, similar to wool. This crimping was 
especially pronounced in those fibers that had been 
treated in the presence of methyl alcohol and cross- 
linked by either air oxidation or by dilute solutions 
of H,O, for 30 min. Figure 1 is a photograph of | 
these fibers. Much reduced, but still noticeable | 
crimping was also exhibited by those samples that 
had been crosslinked in the presence of water in- 
stead of methyl alcohol. On the other hand, helical | 
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Fiaure 1. Unmodified and disulfide- crosslinked nylon-6 fibers. 


coiling was produced by either series of fibers when 
they were treated with m-cresol which destroyed 
the remaining crystallites, thus removing the op- 
posing force to coiling. Figures 2 and 3 are photo- 
graphs of the helical coils produced after swelling in 
m-cresol. Corresponding phase-photomicrographs 
are illustrated by figures 4 and 5 before and after 
swelling, respectively (fibers under restraint), under 
identical magnifications. 

As noted earlier, the formation of three-dimen- 
sional crimping and helical coiling has not been 
previously observed with round cross-section (sym- 
metrical) synthetic homofibers, such as nylon-6. 
Thus, unlike wool, the homofiber has no “built-in” 
bilateral asymmetry. However, the observed crimp- 
ing and coiling is undoubtedly due to some structural 
strain and asymmetry induced by the crosslinking 
process. Although the exact nature of this phe- 
nomenon is not clear at this time, a possible ex- 
planation will be attempted. 

It was stated previously that the final oxidation 
step of sulfhydril groups to disulfide crosslinks was 
brought about by either air oxidation, or by relatively 
brief treatment (30 min) with dilute solutions of 
hydrogen peroxide. It is reasonable to assume that 
during this treatment those sylfhydril groups that 
are located nearer to the surface of the fiber will be 
oxidized to a greater extent than those situated 
towards the center. Furthermore the onset of the 
oxidation reaction will be accelerated at points along 
the fiber axis that are easily penetrated. As dis- 
cussed already, step A in the chemical reaction 
series was carried out in the presence of hydro- 
chloric acid which could cause structural nonuni- 
formity in the fiber with the result that crosslinking 
agents will be able to penetrate certain regions more 
easily than others. Thus asymmetry should result 
within the round fibers by virtue of the varying cross- 
linking density across the fiber cross section. Al- 
though the fiber is crosslinked throughout, it might 
have an asymmetrical outer portion with a higher 














Figure 2. Helical coiling of disulfide- crosslinked nylon-6 fiber. | 





A single helical coil of disulfide- crosslinked nylon-6 
fiber. 


FIGURE 3. 








Figure 4. Photomicrograph of unswollen disulfide- crosslinked 
nylon-6 fiber (under restraint). 





Ficure 5. Phase-photomicrograph of swollen (m-cresol) disul- 
fide- crosslinked nylon-6 fiber (under restraint). 
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Schematic illustrations of the crosslinked fibers. 


FIGURE 6. 


degree of crosslinking, and an inside asymmetrical 
portion with fewer crosslinks. A schematic illustra- 
tion of this situation is given in figure 6. During 
swelling in water, the inner, less crosslinked parts 
will swell more than the outer more crosslinked 
portions. Water, which is a poor swelling agent, 
penetrates primarily the amorphous portions of the 
fiber and hence a counterforce is maintained as long 
as the crystallites remain intact. The relatively 
small differential swelling in water therefore is 
insufficient to overcome the masking effect of the 
crystallites which remain dominant, especially in 
view of the fact that the original fiber was approxi- 
mately 50 percent crystalline. Under such condi- 
tions only crimping but no coiling is observed. 
During swelling in m-cresol, which completely 
destroys the crystallites, the differential swelling 
caused by the differential crosslinking density is 
no longer masked by the crystallites and this results 
in helical coiling of the fiber. 

The fact that the fibers are crosslinked throughout 
and not just near the surface is of utmost importance. 
Fibers in which a different type of crosslinking was 
restricted to near the surface produced a hole in the 
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middle of the fiber when cross sections were treated 
with swelling agents capable of dissolving the un- 
crosslinked structure [9]. In such fibers there is no 
differential swelling process and hence no crimping 
and coiling are observed. 

The critical importance of the differential swelling 
of the disulfide crosslinked fiber as the result of vary- 
ing crosslinking density may also be demonstrated 
as follows. When those crosslinked fibers in which 
the final oxidation step was carried out with air or 
with dilute hydrogen peroxide solutions for 30 min 
were later subjected to additional, more prolonged 
oxidation by dilute H,O,, they exhibited greatly 
diminished crimping and coiling tendencies. This 1s 
most likely due to the more uniform distribution of 
crosslinks throughout the fiber as the result of better 
penetration by the oxidizing agent. 

It may be desirable to stabilize the system to pre- 
vent any possible gradual slow oxidation throughout 
the fiber by air which could eventually negate the 
crimping and coiling effects. One possible way to 
avoid this is to treat the crosslinked and partially 
oxidized fiber with AgNOs, according to the following 
equation [11]: 


SH 


— 
= 
! 
] 
* 
-_ 
39 


J 


Product II is thus blocked from further oxidation 
and the fiber structure is “frozen’’ in the desired 
State. 

Although in this work m-cresol was used to effect 
the complete destruction of the crystallites and hence 
produce maximum helical coiling, the judicious use of 
other swelling agents alone or in combination could 
result in various degrees of helical coiling depending 
on the extent of crystallinity of the fiber. 


4. Experimental Procedure 


All work was carried out with 7.8 Tex (60 denier) / 
$2 filament nylon-6 fiber, polymer molecular weight 
14,000 (end group analysis). 


4.1. N-methoxymethylation|13}: Step A 


A small skein of nylon-6 fiber, weighing approxi- 
mately 0.1 to 0.2 g was scoured for 30 min in water 
containing 1 to 2 percent NasPQO,, washed in distilled 
water, and dried. 

A solution was prepared containing 500 g para- 
formaldehyde and 500 g (625 ml) methyl! alcohol by 
heating the solution to 60 °C and adding 3 to 4 pellets 
of KOH. The solution was stirred at this tempera- 
ture until all paraformaldehyde dissolved (approx. 
15 min) and then it was allowed to cool to room tem- 
perature. The pH of the solution was then adjusted 
to 0.6 to 0.7 with anhydrous oxalic acid (approx. 40 
g). The skein was soaked in this solution for 12 hr 
at room temperature after which it was removed from 
the bath and heated at 120 ° C in a closed oven for 
1 min, rinsed in methylalcohol followed by water, 
and dried. Methoxyl analysis [12]: 3.4%. 





4.2. Introduction of Sulfhydril Group and Oxidation 
to Disulfide Crosslinks: Steps B, C, and D 


Erp. No. 1. The N-methoxymethylated nylon-6 
fiber was soaked in a solution containing 38.0 ¢g 
thiourea (0.5 mole), 700 ml distilled water, and 35 ml 
conc. HCI (0.42 mole) at room temperature for 12 hr. 
After this period 28.0 g (0.5 mole) KOH was added in 
100 ml distilled water and the fiber was permitted to 
soak at room temperature for 12 hr with concurrent 
air oxidation from a porous-disk bubbler. Next, the 
fiber was removed from the solution, thoroughly 
washed with distilled water, and dried. S=2.1%. 

Exp. No. 2. Same as above, except that fiber was 
soaked for 1 hr in the thiourea, H,O, and HC! mixture 
and for 1 hrin KOH. S+=1.0%. 

Exp. No. 3. The N-methoxymethylated nylon-6 
fiber was soaked in a solution containing 38.0 g 
thiourea (0.5 mole) and 700 ml distilled water for 
12 hr at room temperature. Next, 35 ml conc. HC! 
(0.42 mole) was added and the fiber soaked for 1 hr 
at room temperature. After this period 28.0 g 
(0.5 mole) KOH was added in 100 ml distilled water 
and the fiber was permitted to soak at room temper- 
ature for 1 hr with concurrent air oxidation from a 
porous-disk bubbler. The fiber was then washed 
with distilled water and dried. S=1.3%. 

Erp. No. 4. The N-methoxymethylated nylon-6 
fiber was soaked in a solution containing 38.0 g 
thiourea (0.5 mole) and 700 ml distilled water for 
2 hr at 60° C. The solution was cooled to room 
temperature and 28.0 g (0.5 mole) KOH was added 
in 100 ml distilled water; the fiber was soaked in 
this solution for 1 hr at room temperature with con- 
current air oxidation from a porous-disk bubbler. 
The fiber was then washed with distilled water and 
dried. S=1.0%. 

Erp. No. 5. Same as Exp. No. 1, except that 
methyl alcohol was used instead of water as the 
reaction medium. S=2.9%. 

Erp. No. 6. Same as Exp. No. 2, except that 
methyl alcohol was used instead of water as the 
reaction medium. S=3.5%. 

Erp. No. 7. Same as Exp. No. 3, except that 
methyl alcohol was used instead of water as the 


2:4 


reaction medium. S be 


Oxidation cf Sulfhydril Groups to Disulfide Linkages with H,O, 

The skeins from Exp. 1 to 7, respectively, were 
soaked at room temperature in a solution consisting 
of 250 ml distilled water, 2 pellets of KOH, and 
10 ml of 3 percent H,O, for 30 min to 4 hr, depending 
on the particular experiment. 


The author wishes to thank R.A. Paulson, Applied 
Analytical Research Section, National Bureau of 
Standards, for the sulfur analyses, Sylvia M. Bailey 
for technical assistance in some phases of this work, 
and Mrs. Margaret Furst for the methoxyl analyses. 
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Acidity Functions. 


Values of the Quantity 2 (@y%) for 


Buffer Solutions From O to 95°C 


_ Roger G. Bates and R. Gary 


(August 7, 1961) 


The thermodynamically defined quantity p(anyci) is a useful acidity function for 
measuring the acidic or basic character of electrolytic solutions. This funetion can be 
evaluated from electromotive force data (£) for cells without liquid junction consisting of 
one electrode reversible to hydrogen ions and one electrode reversible to chloride ions. The 


E—E° 


function is given by 


P(QnYc1) 


°2.30259RT/I 


~tlog mer 


Summarized in 20 tables, the function has been calculated from emf data recorded in 


the literature for the hydrogen-silver chloride cell. 


A consistent set of standard potentials 


(E°) and currently accepted values of the natural constants were used. The tables cover 


a range of p(anyc)) from 1.6 to 12.5 and a range of temperature from 0 to 95° C. 
are buffer solutions of three different charge types. 
Properties and uses of the acidity function are discussed. 


to 0.20. 
1. Introduction 


A measure of the acidity or basicity of a solution, 
applicable in a general way to solutions in all solvent 
media, has long been sought. Some years ago, 
Brénsted [1]! suggested that the so-called “proton 
activity’? might constitute a measure of the acidity 
of one solution relative to another. The concept of 
acidity is then directly related to the availability of 
protons for reaction with any base that may be in- 
troduced into the solution. It should be emphasized, 
however, that a high acidity does not indicate an 
appreciable concentration of free protons, which be- 
cause of their extremely small size possess intense 
electrostatic fields and, consequently, can rarely 
exist uncombined in any liquid medium [2]. The 
concept of high proton activity therefore implies a 
relatively loose binding of protons to the basic 
species present in the solution. In such a solution, 
the potential of the hydrogen electrode is shifted 
toward positive values, and the acidity potential or 
proton energy level is said to be high [3]. 

The Bronsted concept of generalized acidity has 
proved pedagogically important and has facilitated 
greatly the visualization and interpretation of acid- 
base reactions where a proton-transfer mechanism is 
involved. Unfortunately, it is impossible, however, 
to compare experimentally the proton activities or 
energy levels in two different media [4]. All at- 
tempts to do so are doomed to failure because of 
the indeterminate character of the liquid-junction 
potential. 

When the composition of the solvent itself is held 
constant, however, it appears that the acidity or 
basicity of the solution can be varied over rather 
wide ranges without changing the liquid-junction 
potentials appreciably. Consequently, it is often 


1 Figures in brackets indicate the literature references at the end of this paper. 
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Included 
Ionic strengths vary in the range 0.01 


possible to obtain a useful measure of the relative 
acidity of different solutions, provided only that the 
composition of the solvent is unchanged. Thus 
a useful experimental pH scale exists for aqueous 
media, and other similar scales could be established 
for a number of partially aqueous or water-like 
solvents [4a]. Nevertheless, the acidity numbers 
would have no exact meaning when compared with 
those in another solvent or with the water scale. 

Although the proton activity cannot be evaluated 
thermodynamically, the pH value of aqueous solu- 
tions derives some fundamental meaning from the 
arbitrary convention on which the numerical values 
of pH are based [5]. If one wishes to estimate 
thermodynamic equilibrium data through measure- 
ments of acidity, the individual actiity of the 
proton or hydrogen ion would be much less useful 
than the hydrogen ion concentration or certain other 
related functions [6]. The simplest “acidity fune- 
tion” is therefore probably my, the hydrogen ion 
concentration, or its negative logarithm, which has 
been termed peH [7]. 

The term “acidity function” as used here will 
signify a useful experimental or operational quantity 
with exact thermodynamic meaning, the value of 
which is a function of the acidity of the medium. 
Acidity functions are usually defined, as is the pH 
value, as the negative logarithm of the concentration 
of hydrogen ions (protons) multiplied by an appro- 
priate combination of activity coefficients. A given 
acidity function customarily relates to a particular 
experimental arrangement or method, perhaps the 
electromotive force of a particular cell or the spectral 
absorption of a selected series of suitable indicators. 
Unlike the pH value, these acidity functions derive 
their usefulness from the unambiguous role that they 
play in specified chemical equilibria. A good ex- 
ample is provided by the Hammett acidity functions 
H, and H_, which owe their validity to the regu- 
larities displayed in the behavior of certain indicators 








in strongly acid media and in certain other solutions 
[8, 9]. 

In 1930, Guggenheim [6] pointed out that an 
experimental measure of the quantity —log(myy+) 
or —log(myyuyx) where X is a univalent anion, 
would be more useful than —log(myyu), even if the 
latter could be determined exactly. In 1936, 
Hitchcock [10] suggested the use of —log(myyuavc:), 
that is, —log(@yyc:), as a useful acidity function of 
this type, pointing out that cells with hydrogen and 
silver-silver chloride electrodes (without a liquid 
junction) were capable of furnishing very precise 
values of this quantity in aqueous solutions over 
a wide range of compositions. This quantity was 
later termed pwH by one of the present authors [7]. 
Measurements of this function have formed the 
basis for the establishment of the NBS primary 
standards of pH and for the calculation of the 
dissociation constants of a number of weak acids 
and bases in this laboratory. It is likewise implicit 
in a method suggested by Hamer [11, 12] for the 


experimental measurement of hydrogen ion concen- | 


tration or activity. 

In 1954, Bates and Schwarzenbach [13] showed 
how the acidity function pwH could be used in 
combination with spectrophotometric measurements 
to facilitate greatly the determination of accurate 
values of the dissociation constants of many un- 
charged acids with appropriate spectral behavior. 
This method has been applied successfully to the 
determination of dissociation constants in aqueous 
solutions [14] and recently in ethanol-water mixtures 
[15]. 

It is the purpose of this paper to summarize in 
convenient form the most useful data available for 
the acidity function —log(myyuvyc1). In accordance 
with a recent suggestion [16], this acidity function is 
now termed p(@y7¥c;) instead of pwH: 


= —log(myyuvc1)- (1) 


Pp (Que 1) 


The acidity functions have been calculated from emf 
measurements for various buffer solutions over a 
range of temperature, as recorded in the literature. 
The tabulated values of p(ayyc;) cover the range 
1.64 to 12.5 at 25 °C. The range of temperatures 
extends from 0 to 50 °C, in some instances to 60 or 
95 °C. 

The original emf data were first converted, where 
necessary, to absolute volts. The acidity function 
was then calculated with the use of the most recent 
values of the standard potential of the cell and with 
a single, consistent set of the natural constants. 
In many instances, the functions have been plotted 
on a large scale and the acidity function interpolated 
at even values of the ionic strength. 


2. Procedures 


The acidity function p(dyyc1) was calculated from 
the electromotive force of cells of the type 


Pt;H, (g, 1 atm), buffer solution containing soluble 


chloride, AgCl;Ag. 








The calculation was made by the equation 


E—E° 


a 9NOL »"y’ (2) 
2.30259R T/F 


P(4y7Yc1) +log me. 


cell, E° is the standard potential of this cell [17], R 
is the gas constant (8.31467 j deg™'! mole™' [18]), 
T is the absolute temperature in degrees Kelvin 
(¢ °C+273.150), and F is the faraday (96,495.4 
coulombs equiv.“' [18]). The values of E° and 
2.30259RT/F (in abs v) used in deriving the acidity 
functions given in the tables below are summarized 
in table 1.2. Electromotive force data published 
prior to January 1, 1948, were customarily given in 
international volts; these values have been converted 
to absolute volts by multiplying them by the factor 
1.00033 [19]. 


In eq (2), Fis the electromotive force of the above 


TaBLeE 1. Summary of the values of E° and 2.30259RT/F 
used to compute the acidity function p(ayyci) 





t E 2.30259 7) F 
c abst abst 

0 0. 2365. 0. 054195 
5 : 055187 
10 056183 
15 057171 
20 058163 
25 22234 O59155 
30 21904 . 060147 
35 21565 061139 
38 21352 061734 
40) 21208 . 062131 
15 20835 063123 
1) 20449 OO4115 
) 20056 065107 
60 10649 066099 
70 18782 O6SO83 
80) 17873 070067 
90... 16952 072051 
95 16511 073043 


In the use of p(@yyc,) for the determination of 
thermodynamic data, it is usually necessary to know 
the ionic strength (J) of the buffer solution used and 
to vary the ionic strength in such a way that an 
extrapolation to J=0 is possible. For this reason, 
values of p(@yyc\) Over a range of ionic strength are 
needed. For a description of the method of calculat- 
ing the ionic strength of each buffer system, the 
reader is referred to the original papers. 

When p(dy7¥ci) was less than 2 and greater than 
12, the ionic strength was different at each temper- 
ature because of the variation of mg (or Moy). In 
these cases, solutions of constant stoichiometric 
concentration were chosen, and the ionic strength 
at each temperature has been indicated. 

In selected instances, it has been possible to give 
values of the acidity function for chloride-free buffer 
solutions. These values have been obtained by 
extrapolation (to the limit of zero concentration 
of chloride) of data for buffer solutions containing 
three or more small concentrations of soluble 
chloride. 


2 The planned change to the C-12 scale of atomic weights will affect both R 
and F in equal] proportion and, hence, will not change the values of 2.30259R7/ F. 
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3. Results 


Values of p(@yyci) Over a range of ionic strength 
and temperature are given in tables 2 to 20 of the 
appendix (section 6). In general, the maximum 
uncertainty in p(@py¥ci) May be taken to be +0.004 
at 0 to 60 °C. Above 60 °C, the values are probably 
accurate to + 0.01 unit. 

In those cases where the original data were plotted 
to yield values of p(@yyc;) at round values of ionic 
strength, or at nearly equally spaced intervals along 
the ionic strength axis, some smoothing of the 
original data has naturally occurred. However, no 
attempt was made to smooth the variation of 
p(Quyci) with temperature, and some minor non- 
uniformities which have their source in the original 
experimental data may be noted. If it is necessary 
to obtain p(dyyc)) at temperatures other than those 
given (or if a smoothed set of data over a range 
of temperature is desired) the user will probably 
wish to smooth the data in some way. 

Many of the tables show values of —log K over 
a range of temperature. These values have been 
corrected, where necessary, for changes in E° and 
the natural constants. In the case of formic acid 
and acetic acid, values of —log K are as given in 
the original papers. 

Details concerning the tabulated data for each 
buffer system are given below. The charge type 
of the principal acid-base equilibrium responsible 
for the buffering effect is designated by the charge 
borne by the base. A buffer composed of HA and 
A~, for example,’ is of the charge type —1, whereas 
buffers of the type HA~, A> and HB*, B are of 
charge type —2 and 0, respectively. 


KH;(C.0,4). (m) [20] (table 2). Buffer system: 


H.C,0,, HC,O;. Charge — type: —1, lonic 
strength: m+ my. 

KH,PO,(m,), HCl (m,) [21] (table 3). Buffer 
system: H,PO,, H,PO;. Charge type: —1. Ionic 
strength: m,+ my. 

HCOOH (m,), HCOOK (m.), KCl (mg) [22] 
(table 4). Buffer system: HCOOH, HCOO-. 
Charge type: —1. Ionic strength: m2+m3+ mg. 


NaH succinate (m,), HCl (m,) [23] (table 5). 


Buffer system: H.Suc, HSuc” (where Suc=sue- 
cinate). Charge type: —1. Ionic strength: 


m+ Ny ; Meue - 


KH phthalate (0.05m) [24] (table 6). Buffer 
systems: H,Ph,HPh~ and HPh-, Ph~ (where Ph- 
phthalate). Charge types: —1 and —2._ lonic 
strength: 0.0533. 

CH,COOH (m,), CH;COONa (m:), NaCl (m3) 
[25] (table 7a). Buffer system: CH,COOH, 
CH,COO-. Charge type: —1. Ionic strength: 


m2+m3+ my. 
CH,COOH (m), CH,COONa (m), NaCl (m) [26] 
(table 7b). Buffer system: CH,;COOH, CH;COO-. 
Charge type: —1. lonic strength: 2m-+ mg. 
NaH succinate (m), NaCl (m) [27] (table 8). 
Buffer systems: H,Suc, HSuc~ and HSuc~, Suc™, 


In these examples, A-, Av, and B are all bases in the Brgnsted sense, in that 
they are able to accept protons. 





(where Suc=succinate). Charge types: —1 and 
—2. lonic strength: 2m+2my+ my, sue. 

KH phthalate (m,), K, phthalate (m.), KCl (ms) 
[28] (table 9). Buffer systems: HPh~, Ph= (where 
Ph== phthalate). Charge type: —2. Ionic 
strength: m,+3m.+m3+2m,q. 

NaH succinate (m), Nay 
(table 10). Buffer system: HSuc~ Suc” 
Suc=succinate). Charge type: —2. 
st rength: 4m T 2My + Myo sue- 

KH,PO, (m), Na,HPO, (m) [30] (table 11). 
Buffer system: H,PO;, HPO;. Charge type: —2. 
Ionic strength: 4m. 

KH p-phenolsulfonate (m,), KNa _ p-phenolate- 
sulfonate (mz), NaCl (ms) [31] (table 12). Buffer 
system: HPs~, Ps (where Ps=p-phenolatesulfon- 
ate). Charge type: —2. lonic strength: 
Mm, +3M2-+M3— Moy. 

Na.B,O, (m,), NaCl (m:) [32] (table 13). 
system: H;BO;,BO;. Charge type: —1. 
strength: 2m,+m2— mon. 

Triethanolamine (m,), HCl (m:) [33] (table 14). 
Buffer system: (HOC,H,4);NH*, (HOC,H,)3N. 
Charge type: 0. Tonic strength: my. 

Tris(hydroxymethyl)aminomethane (m,), HCl (mz) 
[34] (table 15). Buffer system: (HOCH,);CNH?, 
(HOCH,);CNH,. Charge type: 0. Ionic strength: 
Mo. 

4-Aminopyridine (m,), HCl (m.) [35] (table 16). 
Buffer system: H,NC;H,NH*t, H.NC;H,N. Charge 
type: 0. lonic strength: mz. 

Monoethanolamine (m,), HCI (mz) [36] (table 17). 
Buffer system: HOC,H,NH;, HOC,H,NH,. Charge 


succinate (m) [29] 
(where 
Ionic 


Buffer 


Ionic 


type: 0. lonic strength: m2+ mou. 

Piperidine (m,), HCl (m2) [37] (table 18). Buffer 
system: Cs5H;i.NH?, C;HjpNH. Charge type: 0. 
lonic strength: m2+mMoq. 

Calcium hydroxide (m) [88] (table 19). Buffer 


system: CaOQH*, Ca**. Ionic strength: 2moq—m. 

p(dyyc1) in some solutions at 60 to 95° C [39] 
(table 20). Charge types: —1 (tetroxalate); —1, 
—2 (tartrate); —1, —2 (phthalate) ; —2 (phosphate) ; 
—1 (borax). Ionic strength: 0.073 (tetroxalate) ; 
0.04 (tartrate); 0.053 (phthalate); 0.1 (phosphate) ; 
0.02 (borax). 


4. Uses of p(dyyc:) 
4.1. Hydrogen Ion Concentrations 


From the definition of the acidity function p(@g7c1) 
given in eq (1), it is evident that the hydrogen ion 
concentration (my) is formally related to the acidity 
function as follows: 


—log My= P(AyYe1) 4 log (Yu¥e1) 


= p(an¥c1) +2 log yz. (3) 
In this equation, y, is the mean ionic activity co- 


efficient of hydrochloric acid in the buffer solution 
for which the acidity function has been obtained. 
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Although each of the terms in eq (3) is thermo- 
dynamically defined, the mean activity coefficients of 
hydrochloric acid in buffer solutions have not often 
been determined. Largely as a result of the fact that 
the concentration of hydrogen ion in buffer solutions 
is rarely known, the determinations of these mean 
activity coefficients is not usually a simple matter. 
It is possible, nonetheless, to derive approximate hy- 
drogen ion concentrations from the acidity function 
when the ionic strength does not exceed 0.1. Per- 
haps the best procedure is to utilize the Davies equa- 
tion [40], as modified by Robinson [41], to compute 


Ys: 


Ay!l yo - (4) 


—log y= 
Lm | 


where A, the Debye-Hiickel slope, is a function of 
temperature. Values of A have been tabulated by 
Robinson and Stokes [42]. This equation reproduces 
rather satisfactorily the known mean activity coeffi- 
cients of hydrochloric acid in the pure aqueous solu- 
tion or in the presence of alkali halides in the low 
range of ionic strengths. 


4.2. Hydroxide Ion Concentrations 


A useful application of p(ayyc.) has been suggested 
by Bates, Siegel, and Acree [43]. According to this 
proposal, hydroxide ion concentrations in buffer solu- 
tions can be calculated by combining the acidity 
function with the ion-product constant, K,, for 
water, values of which are listed by Harned and Owen 
[44]. Thus, 


—log Kus p(Quvei)=—log mon 


tlog Ay,0YC1 You = —log mon. (5) 

The activity of water, @y,0, does not depart greatly 
from unity in dilute solutions; furthermore, both the 
hydroxide and chloride ions bear the same charge, 
and the ratio of their activity coefficients is likewise 
nearly unity when the ionic strength is less than 0.1. 
Electromotive force data in the literature show that 
the second term on the right of eq (5) amounts to only 
0.013 in a mixture of potassium hydroxide (0.01 m) 
and potassium chloride (0.1 m) [45], and to only 
0.003 in a mixture of sodium hydroxide (0.01 m) and 
sodium chloride (0.1 m) [46]. The ionic strength of 
both of these solutions is 0.11. It follows, therefore, 
that the left side of eq (5) is very often a useful ap- 
proximation to —log mou. 


4.3. Activity Coefficients 


By combining acidity potentials with the disso- 
ciation constants for the buffer acids or bases, one 
can derive certain useful thermodynamic combina- 
tions of activity coefficients for the respective buffer 
systems. If HB and B represent, respectively, the 
weak acid and its conjugate base, which together are 
responsible for the buffering effect, one obtains 





} , Mat : 
YOrYHB — » (ayy) +log K+log —#8, (6) 


—log 
YB Np 


where K is the dissociation constant of the buffer acid 
given in the appended tables. For the various buf- 
fers listed in the tables, the buffer pair HB, B may 
have the following charges: HB*+, B; HB, B~; or 
HB-, B. 

In order to utilize eq (6) for the calculation of 
activity coefficients, it is evidently necessary to know 
the ratio of the concentrations of the buffer species 
in the solution. When the value of p(d@gyc:) lies 
between 4 and 10, it is usually possible to use directly 
the stoichiometric ratio of molalities given in the 
tables. For dilute solutions of low and high acidity, 
however, the hydrolysis of HB or B may be suffi 
ciently extensive that the stoichiometric ratio must 
be corrected accordingly. This is easily accom- 
plished with the aid of hydrogen ion concentrations 
or hydroxyl ion concentrations estimated as indicated 


in the above paragraphs. Thus, 
Map m HB My + Mon _ 
* =—> (4) 
Mp Mat My Mou 


where mf, and mj represent the stoichiometric 
molalities of the two species. 


4.4. pa, Values 


The acidity function p(a@yy¥c;) can be used to esti- 
mate—log ay when values of this quantity are needed. 
Indeed, the standard reference values for the buffer 
solutions used by the National Bureau of Standards 
to define the pH scale are derived in thisway. They 
are designated pHs or pay and are computed by the 
following equation: 


PHs=p(ayyc.) + log ye. (8) 
Ayl 
P\QuYcv) — - ’ (Sa) 
L+ L5all 
where A is again the Debye-Hiickel slope. The 


activity coefficient of a single ionic species such as 
chloride is, of course, not thermodynamically defined. 
The convention used to evaluate this coefficient for 
the determination of standard pH values by eq (8a) 
is that recently proposed to International Union 
of Pure and Applied Chemistry by Bates and 
Guggenheim [16]. 


4.5. Dissociation Constants 


Perhaps the most fruitful use of the acidity func- 
tion p(@y7¥c:) is in the determination of the dissocia- 
tion constants of uncharged acids by means of spec- 
trophotometric measurements, when the spectral ab- 
sorptions of the conjugate acid and base species differ 
sufficiently to permit the ratio of the concentrations 


| of these forms in the solution to be established accu- 


rately by absorption spectrophotometry [13]. The 
acid-base system will be written HIn,In~ to designate 
its indicator properties. The acid HIn and its con- 
jugate base In~ are added to suitable “regulating”’ 
buffer solutions (HB,B) in quantities so small that 
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the acidity function of the buffer is unaffected by 
their presence. The buffers selected must (a) have 
acidity functions that differ no more than about 1 
unit from —log Aym for best results, and (b) must 
not absorb light in the wavelength region where the 
useful absorption bands of In~ or HIn are located. 
The dissociation constant is then calculated by the 
expression 

log Kyum=p(duyc)) — log mio +log JuuTor. (9) 

MyIn Yin- 

Jt is well known that quantities such as the last 
term of eq (9) are not only small in magnitude but 
vary linearly with ionic strength in dilute solutions. 
For this reason, two or more buffer solutions of dif- 
ferent ionic strengths are chesen, and the apparent 
values of —log Aym are plotted as a function of 
ionic strength and extrapolated to infinite dilution. 
This method has been applied with success to the 
determination of dissociation constants of substi- 
tuted phenols and substituted anilines in aqueous 
solution [13, 14] and to the determination of the 





dissociation constant of anisic acid in ethanol-water | 


mixtures [15]. For the most refined measurements, 
corrections should be applied for the effect of the 
system HIn, In~ upon the acidity function, as 
Robinson and Biggs have shown [41]. 

From an examination of the last term in eq (9), it 
is evident that the acidity function p(ayyc1) is more 
suitable for determining the dissociation constants of 
uncharged indicator acids, HIn, than for those of 
acids of other charge types, because of the near 
equality of the activity coefficients of ions of like 
charge in the same solution. For indicator acids of 
other charge types, Bates and Schwarzenbach [13] 
suggested that the control buffer solution (HB,B) 


selected be of the same charge type as the indicator | 


acid system (HIn,In). If, then, the equations are 
written in terms of the dissociation constant of the 
buffer acid HB (whatever its charge type) instead of 
the acidity function, the same advantage of a can- 
cellation of the activity coefficients can be gained. 
Regardless of charge type, the applicable equation is 


Myin __ low ™Mup 


‘log Kui log Kus log 


Min ie 
| big: [EEE (10) 
Yin VHB 


The last term is again small and varies linearly 
with ionic strength. The ratio of concentrations 
of HIn and In is determined spectrophotometrically, 
and that of HB and B is derived from the composition 
of the control buffer solution. Values of —log Kus 
are listed in the tables. These have been corrected, 
where necessary, to conform to the values of #° and 
2.30259RT/F given in table 1. 

4.6. Nonaqueous and Partially Aqueous Media 

The Hammett acidity functions Hp and H_ 
have been conspicuously successful in correlating 
proton levels with the extent of acid-base reactions 
and with reaction rates, particularly in concentrated 
aqueous solutions of the strong acids [8, 9]. These 
acidity functions are defined in terms of the spectral 
absorption of a series of selected indicators. They 





depend for their validity on the regularities shown 
by the ratio of activity coefficients, Yam/ym, of these 
indicator forms in strongly acidic media. Unfortu- 
nately, however, the values of yuin/ym for different 
indicator acids of a given charge type cannot be 
expected to be equal in the same medium any more 
than are the values of yqa/y, for other acids [47, 48]. 
In many media, indeed, indicator behavior displays 
even less regularity than it does in solutions of strong 
acids, it appears. Without specifying the charge 
type of the indicator, one may define the Hammett 
function as follows: 


H=—log aq —™- (11) 
YHIn 
The subscripts in the symbols Hp and H_ signify 
that the base form of the indicator (In) is, respec- 
tively, either an uncharged molecule or a singly- 
charged anion. 

It is apparent that the acidity function p(dgyc;) 
has very much the same form as the Hammett 
function H It seems possible that p(dyyc.) May 
find use as a practical index of the acidity of a wide 
variety of media to which it has not as yet been 
applied. The Hammett functions derive their 
usefulness in part from the fact that the aqueous 
standard state is maintained throughout. The 
function therefore reflects, to a degree, the changes 
of acidity from one medium to another. To pre- 
serve this same utility, values of p(d@qyc:) should 
likewise be based upon standard potentials for the 
hvdrogen-silver chloride cell in water, no matter 
what the composition of the medium in which the 
measurement of electromotive force is made. 

Even so, the changes in p(@yyc;) cannot be 
expected to parallel the changes in H_. In the first 
place, it must be recognized that profound changes 
in the character of the solvent medium will affect 
Yo.- and y;,— 1n different ways, depending upon the 
susceptibilities of these two ions to solvation in the 
medium concerned and the abilities of the ions to 
“sort out’? the molecules of mixed solvents. Fur- 
thermore, Yum, Which occurs in the expression for 
H_, is not unaffected by changes of solvent, even 
though the species HIn bears no charge. According 
to Kolthoff, Lingane, and Larson [49], the activity 
coefficients of uncharged buffer acids decrease from 
values near unity to values in the vicinity of 0.01 
when the solvent composition passes from pure water 
to pure ethanol or pure methanol. 

In addition, determinations of p(@yyc;) are, of 
course, Lmited to media in which the hydrogen 
electrode and the silver-silver chloride electrode 
give reproducible potentials. It is necessary, there- 
fore, to add a small known concentration of soluble 
chloride to the medium whose acidity potential is to 
be determined. It is probably true, however, that 
the difficulties in determining p(dgyc;) are no more 
restrictive than those affecting the determination of 
the Hammett functions. The use of the thermo- 
dynamically defined quantity p(@yyc1) in a variety 
of media as an index of the proton availability (still 
experimentally inaccessible) therefore merits further 


' study. 
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6. Appendix. Tables of Data 
TABLE 2, p(ayyc1) in solutions of potassium textroxalate (m) 
‘ m=0.01000 0.02500 0.05000 0.10000 
r-4 p(anyci) I p(anyc1) I p(anye1) I p(anyci) 
err | Pa ae . Sonia) an 
| 
es eee 0.0181 | 2.206 0.0417 1. 932 | 0.0772 1. 765 
Rita | 0181 | = 2.202 0416 1. 934 .0770 1. 764 
“ea 0181 2. 207 0416 1. 938 | £767 ROM « ONL Setar 2s 2 ue 
eee Sc 0181 2.210 0415 1. 940 | .0765/ 1.769 | 0.1409 1. 623 
_ eerie 0180 2. 212 0414 1. 942 | 0763 1.773 | .1404] 1.627 
eo ae 0180 2.214 .0413 1. 947 0760 1.780 | .1400 1. 640 
_ EES 0180 2. 218 0412 1. 952 0758 | 1.785 | .1396 1. 643 
ESA 0179 2. 221 .0410 1. 957 0755} 1.792 | 1394 1.651 
ee 0179 2.220 . 0408 1. 962 0753| 1.797 «| = .1391 1. 660 
SET 0178 2. 230 0407 1. 968 0751 | 1, 803 . 1389 1. 670 
| ee 0177 2. 234 - 0405 1. 970 0749 1.811 | . 1387 1. 681 
eee 0176 2. 238 . 0403 1. 981 .0747 1.819 . 1385 1. 692 
0175 2. 239 - 0401 1, 987 0744 1. 824 - 1383 1. 702 
































" t , ; . ? : ‘ a 
4, ; TABLE 3. (payyci) in solutions containing potassium dihydrogen phosphate (m,) and hydrochloric acid (m2); m2=0.8055m, 





























55, ; l l 
’ | m\=0.02600 0.03010 0.03841 | 0.04684 0.05533 0.06386 0.07249 0.08124 
45 t } —lor kK) os — en ——— a Es as aaa enue 
’ | | 
I p(anyci I p(anyei i p(anyci) T p(anye1) I p (anyei) I p(anye1) I |p(anyei)} JI |p(anyei) 
381 - : . —|—_—_—_—_|— = 
Cc 
te- | 
0 -| 2 056 0. 0359 2. 156 0. 0410 2. 120 0.0512 2. 065 0. 0614 2. 022 0. 0716 1. 986 0. 0818 1. 954 0. 0920 1.928 | 0.1023 1. 904 
73 5 2. 070 0408 2. 129 . 0510 2.074 . 0611 2. 030 -0713 | 1.994 | .0815 |) 1.963 .0916 | 1.937 } . 1018 1.913 
€ ' 10 2. OSS . 0406 2. 137 0507 | 2. 083 . 0609 2. 040 . 0710 2. 003 -O8S11 | 1.973 . 0912 1.947 | .1013 1. 923 
’ 15... 2.106 | . 0404 2. 146 0506 | 2.092 . 0606 2.049 . 0707 2.013 . 0807 1. 983 0908 | 1.957 | .1009 1, 924 
‘ch : en 2. 127 0402 2. 156 0503 2. 102 . 0603 2. 059 . 0703 2. 024 0804 1. 994 . 0904 1. 968 | .1004 | 1.945 
4 Wo RI .0400 | 2. 166 0500 2.115 .0600 | 2.071 .0700 | 2.036 . 0800 2. 006 . 0900 1. 982 .1000 | 1.958 
te- Du...) 2.10 . 0398 2. 178 .0497 | 2.127 -9597 | 2.083 . 0696 2. 049 . 0796 2.019 . 0895 1.995 | .0995 1, 971 
35 ---| 2.195 . 0395 2. 190 . 0494 2. 139 . 0593 2. 097 . 0692 2. 062 . 0791 2. 032 .0890 | 2.008 | . 0989 1. 985 
43 eer 2. 223 0393 2. 202 0491 2.151 . 0590 2.109 | .0688 2.074 . 0787 2. 045 - 0885 | 2.020 |} .0984 | 1.998 
‘ ee 2. 249 . 0390 2.215 . 0488 2. 164 . 0586 2. 122 . 0685 2. 088 . 0782 2. 058 .0881 | 2.034 | .0979 |) 2.012 
| | | 
67 2. 276 0339 0388 | 2.228 0485 | 2.177 | .0583 | 2.136 | .0681 | 2.102 .0778 | 2.073 0876 | 2.049 .0973 | 2.028 
_, ae | 2.305 0337 0385 2. 241 0482 2.191 . 0580 2.150 | .0677 2.117 . 0774 2. 089 0871 2. 065 . 0968 2. 046 
A 60.......| 2. 335 . 0335 0383 2. 255 . 0479 2.205 | .0576 2. 165 0673 2. 133 . 0769 2. 106 . 0866 | 2.082 . 0963 2. 064 
se 9 
6, 
53 
ch TABLE 4, p(aqyci) in solutions containing formic acid (m,), potassium formate (m2), and potassium chloride (m3) ; M,= 1.2467 m,; 
61 ‘ m3= 1.0789 m, 
‘0 
T=0.02 0.03 0.04 } 0.05 0.06 0.07 0. 08 0.10 0.12 0.15 
t log K 
oc. 
m,=0. 008544 | 0.012840 | 0.017136 0.02143 0. 02573 0.03004 0. 03434 0. 04294 0. 05154 0. 06444 
ns, - ‘ 
_« °C | 
0 3 3. 804 3. 892 3. 891 3. 891 3. 891 3. 891 3.892 | 3.893 3. 895 3. 898 
cl 5 3 3. 882 3. 879 | 3.878 3. 878 3. 878 3. 878 3. 879 3. 880 3. 881 3. 883 
_ 10 3 3. 875 3. 871 3. 870 3. 869 3. 869 3. 870 3. 870 3. 872 3. 873 3.875 
15 3 3. 870 3. 867 3. 865 3. 864 3. 864 3. 864 3. 865 3. 866 3. 867 3. 869 
Ty 20 3 3. 866 3. 864 3. 862 3. 862 3. 862 3. 862 3. 862 3. 863 3. 864 3. 866 
( \ 
Ia 25 3 3. 867 3. 864 3. 862 3. 861 3. 861 3. 862 3. 862 3. 863 3. 864 3. 866 
. 30 3 3. 868 3. 865 3. 863 3. 862 3. 862 3. 863 3. 863 3. 865 3. 866 3. 868 
5, 35 3.7 3. 871 3 868 3. 867 3. 866 3. 866 3. 866 3. 867 3. 868 3. 870 
‘ 40 3.7 3. 886 3. 875 3. 872 | 3. 871 3. 871 3. 872 3. 872 3. 873 3. 875 
oe 45 3.7 3. 885 3. 881 | 3. 880 3. 878 3. 878 3. 878 3. 878 3. 879 3. 880 
50 3. 782 3. 894 | 3. 890 3. 888 3. 887 3. 887 3. 887 3. 888 3. 888 3. 889 3. 890 
De 55 3. 794 3. 904 3. 900 3. 898 3. 897 3. 897 3. 898 3. 898 3. 899 3. 900 3. 901 
> oO 3. 809 3.917 3.913 3.911 |} 3.910 3.910 3. 910 3.910 3.911 3. 912 3. 913 
15, = ae ri oe 
m. 
; TABLE 5. p(ayyci) in solutions containing sodium hydrogen succinate (m,) and hydrochloric acid (m2); m,=0.6667 my 
T=0. 01516 0. 02017 0.02517 0.03018 0.04019 0.05019 0. 06020 0. 07020 0. 08021 0. 10021 
t log Ky 
‘ — " : 
m,=0. 015000 0. 02000 0. 02500 0. 03000 0. 04000 0. 05000 0. 06000 0.07000 0. 08000 0. 10000 
C 
0 4.2 3.970 3. 967 3. 964 |} 3.962 | 3.958 3. 955 | 3.953 | 3.952 3. 948 
5 4.3 3. 950 3. 947 3.945 | 3.942 | 3.938 3.9385 | 3.933 3.931 ¢ 3. 925 
10 4.4 3. 933 3. 930 3.927 | 3.925 3.921 | 3.918 | 3.916 | 3.914 3.913 3. 909 
15 4. 231 3. 920 3.917 3.914 3. 912 3. 908 3.905 | 3. 902 | 3.900 3. 898 3. 895 
20 4.218 3. 909 3. 905 | 3. 902 |} 3.899 3. 895 3. 893 | 3. 890 | 3.888 | 3. 886 3. 883 
| | | | | | 
25. 4. 209 3. 902 3.898 | 3.895 | 3.892 3.887 | 3.884 | 3.882 | 3.880 3.878 | 3.875 
30 4. 200 | 3. 894 3.890 | 3.886 | 3.884 3.880 | 3.877 | 3.874 | 3.872 3.871 | 3.867 
35 4.192 | 3. 888 3.884 | 3.881 | 3.878 | 3.873 | 3.870 | 3.868 3. 866 3.864 | 3.861 
40 4.189 3. 885 3. 881 | 3.878 | 3.875 | 3.870 | 3.867 | 3. 865 3. 863 3. 861 3. 858 
45 4. 186 | 3. 884 3.880 | 3.876 3. 873 | 3.868 | 3.865 | 3.862 | 3.860 3. 858 3. 855 
| | | | | | 
50 4.185 3. 882 3.878 | 3.874 | 3.871 | 3.867 | 3.864 | 3.861 3. 859 3. 857 3. 853 
| | | 
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TABLE 6. p(@yyc;) in solutions containing 0.05-m potassium 
hydrogen phthalate (I =0.0533) 





t P\anyci) 

°C 
= 4. 090 
5. 4. OR4 
= 4. O82 
| 4. 083 
= 4. O87 
25... 4. 096 
30_. 4. 104 
35 4.113 
40 2 4.125 
45 — ee 4. 138 
_ : sae 4.155 


TABLE 7a. p(dyyc.) in solutions containing acetic acid (m,), sodium acetate (m».), and sodium chloride (m3); M2=0.9624 my; 


m3= 1.0243 m, 





I=0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 
t —log K | ee ae SP e - oe 


0.09 0.10 


m=0. 005034 0.010067 | 0.015100 0.02013 | 0.02517 0.03020 | 0.03523 0.04027 0. 04530 0. 05034 





Cc | | 

0 * 4.781 4. 768 4. 769 | 4.770 4.771 4.772 4.773 4.773 4.774 4.7 
- 4.770 4.757 | 4.758 | 4.758 | 4.759 4. 759 4. 760 4.761 4.761 4.76 
10 4. 762 4.750 | 4.751 4. 752 4. 752 4.753 4. 753 4. 754 4. 754 4.755 
15 4. 758 4. 746 | 4. 747 4. 747 4.748 4. 748 4.748 4.749 4.749 4.750 
20 4. 756 4.746 | 4.747 | 4.747 4. 747 4.747 4. 747 4.747 4.747 4.748 
25 4. 756 4.746 4.747 4.747 4.747 4.747 4. 747 4.748 4.748 4.748 
30 4.757 4.748 4.748 | 4.748 4.748 4.749 4.749 4.749 4.749 4.749 
35 4. 762 4.752 4. 752 | 4.752 4. 752 4. 752 4.752 4.752 4.752 4.752 


d sodium chloride (m) 


TABLE 7b. p(ayyc)) in solutions containing acetic acid (m), sodium acetate (m), an 





I=0.01 } 0.02 | 0.03 | 0.04 0.05 0.06 0.07 0.08 0.09 0.10 
t 7 ¢ CSree ea ies See ¢ = . ee 
m =0. 005000 0.01000 | 0.01500 | 0.02000 0. 02500 0. 03000 0. 03500 0. 04000 0.04500 0. 05000 
Cc | | 
_ eee 4.762 4. 768 | 4768 | 4.769 4.77 4.770 4.770 4.770 4.770 4.770 4.770 
__ OR 4.769 4.775 | 4.775 4.775 4.775 4.775 4.77 4.775 4.77 4.775 4.775 
ince ; 4.777 4.781 | 4.782 4.782 4. 782 4. 782 4. 782 4, 782 4.783 4.783 4.783 
ES 4. 787 4.791 | 4.78 | 4.790 4.790 4.790 4.790 4.790 4.790 4.790 4.790 
55- 4 4.799 4. 801 | 4.801 4. 800 4. 800 4. 800 4. 800 4. 800 4. 800 4. 800 4. 800 
| 
ee 4.812 4.813 | 4.813 4.812 4.812 4.812 4.812 4.812 4.811 4.811 4.811 





TABLE 8. P(@nyc1) in solutions containing sodium acid suc- 
cinate (m) and sodium chloride (m) 





7=0.0418 | 0.0681 | 0.108 0.158 0.217 
ft, i ee 
m=0.019390 | 0.03155 0.05012 0.07296 0.10000 
oc | 
i 4.915 | 4.901 4. 887 4. 877 4. 867 
es 4. 894 4. 879 4. 866 4. 855 4. 845 
= 4. 880 4. 864 4. 851 4. 839 4.829 
BB cus 4. 868 4. 853 | 4. 838 4. 827 4.817 
- oe | 4. 861 4. 847 4. 831 4.817 4. 809 
- one 4. 853 4, 838 4, 826 4.814 4. 802 
(| 4. 852 4. 839 4, 822 4. 809 4.798 
| 4. 850 4. 837 4. 820 4. 805 4.796 
40 4. 85) 4. 838 4, 82! 4. 806 4.796 
45.. 4. 855 4. 842 4. 823 4.810 4.799 
ine 4. 860 4. 848 4, 827 4. 815 4. 804 








TABLE 9.—p(ayn7c1) in solutions containing potassium hydrogen phthalate (m,), dipotassium phthalate (m2), and potassium 
chloride (m3); M2=1.0057 m,; and m;=1.0014 m, 











I=0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 | 0.09 0.10 
t log Ke |____ | ee eo a ee a sei 
m,=0,.002007 | 0.004015 | 0.006022 | 0.008031 | 0.010087 | 0.012044 0.014052 | 0.016059 | 0.018067 | 0.022007 

( | | 
0 ). 432 5. 316 5. 295 5. 279 5. 265 5. 253 5. 242 | ». 216 
§.. 5.417 5. 300 5. 278 5. 262 5. 248 5. 236 5. 225 | 5. 199 
10 5. 408 5, 292 5. 270 5. 253 5. 240 §. 227 5.216 | ». 190 
| a 5. 404 5. 286 5. 264 5. 246 5. 232 5. 220 5. 209 5. 183 
20 5. 404 5. 284 5. 262 5. 245 5. 230 5. 218 5. 207 5. 180 
25. 5. 411 5. 268 5. 251 5. 237 5 5. 212 5, 202 5.192 
30 5.419 5. 275 5. 257 5. 242 5 5.218 5. 208 5.199 
35 5. 428 5. 281 5. 262 5. 247 5 5. 224 5.214 5. 205 
40 5. 443 5. 296 5. 278 5. 263 5 5. 239 5. 228 5 
45 5. 462 5. 312 5. 293 5. 278 5 | 5. 253 5. 243 | 5. 3 
50 5. 484 5. 390 5. 285 5. 274 5. 263 
55 ». 415 5. 309 5. 298 5. 287 
60 444 ». 335 5. 324 5.314 














hy; 
TABLE 10.—p(dyyc1) tn solutions containing sodium hydrogen 
succinate (m) and disodium succinate (m) 
I=0.041 ; 0.101 0.202 
t log K» Z 
m=0.01000 | 0.02500 0.05000 
( 
0 | 5 
: | z 
10 5. 4 
15 5. 4 
20 “i | 5. 
25 5. 477 
30 | ». 476 
35. 5.477 
38 5. 479 
4() 5. 481 
TABLE 11.—p(ayye)) in solutions containing potassium dihydrogen phosphate (m) and disodium hydrogen phosphate (m) 
T=0.01 0.02 0.03 0.04 0.05 0.06 0.08 0.10 0.12 0.15 0. 20 
t log Ky : Be ; 
m=0.002500 | 0.004000 | 0.007500 0.01000 0.01250 0.01500 0.02000 0.02500 0.03000 0.03750 0.05000 
( 
0 7.313 7. 226 7. 196 7.174 7. 157 7. 143 7. 130 7. 109 7.091 7. 076 7. 056 7.029 
5 7. 280 7.193 7. 162 7. 141 7. 123 7. 109 7. 096 7.075 7. 057 7. 042 7. 022 6. 995 
10 7. 253 7. 165 7. 134 7.112 7. 095 7. 081 7. 068 7.047 7. 029 7.014 6. 994 6. 969 
15 7. 230 7. 142 7.111 7. O89 7. 072 7. 057 7. 045 7. 024 7. 006 6. 971 6.945 
20 7.213 7. 124 7. 093 7. 072 7. 054 7. 039 7.027 7. 005 6. 988 6. 953 6. 927 
25 _ 7. 200 7. 111 7. O80 7. 058 7.040 7. 026 7.013 6. 974 6. 959 6. 940 6. 912 
‘ 30 7. 192 7. 102 7. O70 7. 048 7. 031 7. 016 7. 003 6. 949 6. 929 6. 902 
35 7 7. 186 7. 095 7. 064 7. 041 7. 024 7. 009 6. 996 6. 941 6. 921 6. 894 
10 7. 182 7. 090 7. 059 7. 036 7.019 7. 004 6. 991 6. 936 6.917 6. 890 
45... 7. 81 7. C89 7. 057 7. 034 7.016 7. 001 6. 989 6. 934 6. 914 6. 886 
50 7. 182 7. O89 7. 057 7. 034 7.016 7.001 6. 988 6. 933 6.913 6. 885 
55 7. 185 7.091 7. 059 7. 036 7.018 7. 003 6. 990 6. 935 5. 915 6. 888 
60 7.191 7. 096 7. 064 7.041 7.023 7. 008 6. 995 6. 939 6.919 6. 892 
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9 


OO 


solutions containing potassium p-phenolsulfonate (m,), potassium sodium p-phenolatesulfonate (m2), 
and sodium chloride (m3); m,= 1.0120 m,; and m;=0.9994 m, 


TABLE 1 P(auyci) in 




















| J=0.02 | 0.03 0.04 | 0.05 0.06 0.07 0.08 0.09 0.10 
t SER ONS SSS Sas a oe 
m; =0.003972 0.005958 | 0.007943 | 0.009929 | 0.011915 | 0.013901 | 0.015887 | 0.017873 | 0.019858 
|) | 2 es Sa cS ASaeS Eee . 
°C | | 
See 9. 352 | 9. 258 9. 244 9. 232 | 9. 223 | 9. 216 | 9. 208 9. 203 9. 198 9. 194 
eee 9. 282 | 9. 189 9. 176 | 9. 164 | 9. 154 | 9. 146 9. 139 9. 134 9. 129 9. 124 
ER 9. 219 | 9. 124 | 9.111 | 9.099 | 9.090 | 9. 082 9. 075 9. 069 9. 064 9. 059 
oe ties 9. 159 | 9.063} 9.050} 9.040| 9.030] 9.022} 9.015] 9.009 9.004 8. 999 
bccnz aks 9. 105 | 9.007 | 8.994/ 8.982] 8.972] 8.964 8. 958 8. 952 8. 946 8. 942 
ee 9.055 | 8.957} 8.944 8.932} 8.922 8.914 8.907 8. 901 
ee 9.008 | 8.908 | 8. 895 8.884} 8.874 | = 8. 865 8. 857 8. 851 
_ ee 8. 962 8.861 | 8. 848 8. 836 8. 827 8. 818 8.810 8. 804 
STS 8. 922 8.818 | 8. 804 8. 793 | 8. 784 8. 776 8. 768 8. 761 
ae 8. 883 8.778 | 8. 766 8. 754 8. 744 8. 735 8. 727 8. 721 
oe 8. 848 8. 740 8. 729 8.717 8. 707 8. 698 8. 690 8. 684 
55... 8. 814 8. 702 8. 692 | 8. 681 8. 671 8. 662 8. 654 8. 648 
60. 8. 784 8. 669 8. 658 8. 648 | 8. 638 8. 629 8. 620 8. 614 8. 609 8. 605 
TABLE 13. p(aunyci) in solutions containing borar (Na2B,O;) (m,) and sodium chloride (m2); m,=1.8548 m, 
T=0.010 0.015 0.020 0.025 0.030 0.035 0.040 
t —log K 
m,=0.002594 | 0.003891 | 0.005190 | 0.006485 | 0.007780 | 0.009080 0.01038 
C 

0 ‘ 9. 508 9.514 | 9. 515 9.515 9.516 | 9.516 9. 516 9. 516 

5 9. 436 9. 435 | 9. 438 9. 440 9 441 9. 442 9. 443 9. 443 

10 9. 377 9. 377 9. 380 9. 382 9. 382 9. 382 9. 383 9. 383 

15 9. 325 | 9. 324 9. 327 9. 328 9. 329 9. 32 9. 330 9. 330 

20... 9. 278 9. 276 9. 280 9. 281 9, 281 9. 282 9. 282 9, 282 

| 

25 9. 237 | 9, 234 | 9. 237 9. 237 9. 238 9. 239 9. 239 9, 239 

30 ‘| 9.199 | 9. 192 9. 196 9. 198 9.199 9. 199 9.199 9.19% 

35 9. 162 | 9. 154 9. 157 9. 159 9. 160 9. 161 9. 162 9. 162 

40 9. 129 | 9. 121 | 9. 126 | 9. 128 9. 129 9. 130 9. 130 9. 130 

45 9. 101 9. 089 | 9. 095 9. 098 9. 100 9. 101 9.101 9. 102 

50 9. 076 9. 062 9. 069 9. 072 9. 074 9. 075 9. 076 9.076 

55 9. 052 | 9. 035 9. 042 | 9. 047 9.049 9. 051 9. 052 9. 052 

60 9. 028 | 9. 008 9. 018 9. 023 9. 026 9. 027 9. 028 9. 029 


TABLE 14. p(a@nyci) 2 





TABLE 15. p(ayyci) in solutions c hydroxyme 
7=0.01 | 002 | 0.03 0.04 
—log Koa . eee 

m:=0.02016 | 0.04032 | 0.06047 | 0.08063 

Cc | 
a eerie 8. 850 8. 946 | 8.981 | 9. 004 9. 021 
ie 8. 677 8.777 | 8.809 8. 834 8. 851 
10__ 8. 516 8.614| 8.649 8. 673 8. 690 
“... 8. 362 8.461 | 8.493 8. 518 8, 537 
20 8.214 8.315 | 8. 345 8. 370 8. 390 

| 
25 falda 8. 075 8. 176 | 8. 207 | 8. 232 8. 251 
30 7. 8. 037 8. 069 8. 095 8.114 
35 7 7. 907 7. 936 7. 961 7. 982 
40_- a 4 7. 781 7. 811 7. 836 7. 857 
45_. x 7 7.660} 7. 691 7.715 7. 735 

_ ee 7. 437 7. 543 | 7. 574 | 7. 599 7.618 | 


nm SC€ 





lutions composed of triethanolamine (m,) a 








7=0.010 


Kon 


m) =0.02058 


Neo oe 


Nass 





omposed of tris ( 


0.015 


0.03087 


8. 407 8. 430 
8.291 | 8.315 
8.186 | 8. 209 
8.081 | 8. 105 
7.979 | 8.002 
7. 883 | 7. 907 
7.786 | 7.809 
7.692 7.715 
7.601 | 7.623 
7.511 | 7.534 
7.423 7. 446 








0.020 0.030 0.040 
0.04116 | 0.06173 | 0.08231 | 0 
| 
8. 449 8. 475 8. 493 
8.335] 8. 361 8. 378 
8.227} 8.253 | 8.272 
8.125 | 8. 152 8. 168 
8.022 | 8. 050 8. 067 
| 
| 7.926 7.951 
| 7.827] 7.853] 
7. 732 7. 758 
| 7.641 | 7.664 | 
| oo ene 
| ‘. | 4.040 | 
463 | 7.488 | 7.506 | 
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0.05 


0.10079 





MINI 90 ge g0 Gem 
t y 3 


ethyl) aminomethane (m, 


0.06 


0.12094 


96 ge 90 Oe 


MI ~1 90 90 oe 


0.050 


10289 0 


8.5 


© et ee Ee 2 


NNN 


0.07 


0.14110 


061 
840) 
730 


O0 96 GO ge 


431 


292 
153 
023 
896 


776 


~I~1 00 G0 oe 


660 


0.060 


12247 


&. 525 
8. 409 
303 
198 
096 


x 


ee 


998 
8Y9 
805 
714 


622 


536 


) and hydrochloric 


nd hydrochloric acid (m2); My» 


0.4860 m, 


0.080 0.100 

0.16462 0.2058 
8. 552 8.577 
8. 437 8. 462 
8. 330 8. 358 
8. 226 &. 249 
8. 123 8. 146 
8. 026 8. 048 
7. 927 7. 952 
7. 832 7. 856 
7. 739 7. 761 
7. 649 7. 673 
7. 562 7. 584 


acid 


0.08 0.09 
0.16026 0.18142 
9. 071 9. 081 
8. 901 8. 911 
8. 741 8. 752 
8. 58S 8. 598 
&. 441 8. 451 
8. 302 8.312 
8. 164 8.175 
8. 035 8. 046 
7. 9O8 7. 920 
7. 788 7. 800 
7. 672 7. 684 


(m.); m,=0.4961 m, 


0.10 


0.2016 


9. 090 
8. 922 
8. 762 
8. 607 
8. 460 


8. 321 
8. 186 
8. 056 
7. 931 


7.811 


7. 694 


2), 


my 


TABLE 19. 


TABLE 16.  p(@yyci) in solutions composed of 4-aminopyridine (m,) and hydrochloric acid (mg) ; m,=0.4962 m, 


20. . 


30 
35 
40) 
45 


TABLE 17. 


TABLE 18. p(ayyci) in solutions containing piperidine (m,) and hydrochloric acid (m2); m,;=0.5003 m, 


m=0.01500 


P\anYc1) 


| 
| 


| 
I | p(aryei) 
| 
a | — 
| 
| 0.040 | 13. 386 
-| .039} 13.161 
.039 | 12. 958 
"038 | 12.769 
| .038 | 12.584 
| .037 12.414 
| .037 | 12. 250 
| .087 12. 095 
|} .036 | 11.954 
036 | 11.809 | 
036 11. 674 
. 035 | 11. 545 
035 11. 418 


I 


t log Koa 


m,=( 


P(ayyc.) tn solutions containing monoethanolamine (m,) and hydrochloric acid (mz) ; M2 


T=0.010 

log K ba 

m; =0.02000 
10. 306 10. 390 
10. 133 10. 219 
9. 965 10. 054 
9. 803 9. 892 
9. 647 9. 735 
9. 500 9. 590 
9. 351 9. 441 
9. 209 9. 300 
9. 071 9. 163 
8. 939 9. 033 
8. 811 8. 903 


T=0.0265 


—log K pa} sae ol 
m; =0.04997 
ail ' 
11. 963 12. 050 | 
11. 786 11. 865 | 
11. 613 11. 691 | 
11. 443 11. 521 | 
11. 280 11. 356 
11. 123 11. 198 | 
10. 974 11. 043 
10. 818 10. 890 | 
10. 670 10. 742 
10. 526 10. 598 
10. 384 10. 452 | 


in solutions of calcium hydroxide (m) 


0.01750 


I ——- 


| 
| } 
| 
| | 
0.047 | 13.449 | 0.053 
046 13.226 | .052 
045 13. 02 051 
. 045 12. 832 .051 | 
044 12.649 | .050 
043 12 477 049 | 
043 12.317 | .049 
043 12.158 | .048 
. 042 12.012 | .048 
042 11. 871 047 
042 11. 735 . 047 
041 11. 603 . 046 
041 11.480 | .046 


0.02 


).04031 


9. 992 


9. 825 
9. 668 
9. 519 
9. 375 


9. 236 
9. 103 
8.970 
8. 842 
8.717 


8. 603 


0.01; 


0.03000 


5 0.020 








0.03 0.04 0.05 | 0.06 
0.06046 0.08061 0.10077 | 0.12092 

10.016 | 10.037 10.056 | 10. 072 

9.850} 9.872 9.890 9.906 | 

9. 694 9.716 9. 735 | 

9.543} 9.565] 9.582 | 

9.399 | 9.419] 9.437] 

9.259] 9.279 9. 297 9. 313 

9.125 | 9.145 9. 162 9.177 

8. 993 9.013 9. 031 9. 046 

8. 864 8. 885 8. 904 &. 920 

8.741 | 8.763 8. 783 8. 799 

8.624| 8.646 8. 666 8. 682 











0.07 0.08 0.09 

| 0.14107 | 0.16122 | 0.18138 

| | | | 

| 10.085} 10.096} 10.107 | 

| 9919} 9931] 9.942 

| 9. 763 9. 774 | 9. 785 
9.610 | 9.623 9. 634 
9. 466 9.477 | 9. 488 | 
9. 326 9. 338 9. 348 | 
9. 190 9. 202 9. 212 
9. 058 9. 070 9. O81 
8. 933 8. 945 
8. 813 8. 824 
8. 694 8. 705 8. 716 





0.025 0.030 


0.04000 0.05000 0.06000 0.081 


0.040 


0.050 0.060 


WO 0.10000 0.12000 





0.071 


0.1406 


| 


0.10 


0.2015 


10. 118 
9. 953 
9. 796 
9. 645 
9. 499 
9. 358 
9. 223 
9. 091 
8. 964 
8. 844 


8. 727 
=().5000 m, 
) 0.080 


0 0.16000 


10. 412 10.429 | 10.443] 10.456 10.476 | 10.492 10.506} 10.519 | 10. 531 
10. 241 10. 258 10. 272 10. 283 10. 301 10. 318 10. 333 10. 345 10. 357 
10. 074 10. 091 10. 105 10. 117 10. 137 10.153 | 10, 167 10. 179 10. 191 
9.911 9, 928 9. 943 9. 955 9. 976 9. 992 10. 005 10. 017 10. 029 
9.756 9.775 9. 790 9. 802 9. 821 9, 836 9. 850 9. 861 9. 872 
9. 612 9. 629 9. 643 9. 654 9. 673 9. 690 | 9. 704 | 9. 717 9. 729 
9. 461 9. 480 | 9. 495 9. 507 52 9. 544 9. 558 9. 570 9. 580 
9. 320 9. 338 | 9. 353 9. 366 . 387 | 9. 404 | 9. 418 | 9. 429 9. 439 
9. 182 9. 199 9. 215 9. 229 9. 251 9. 268 | 9. 282 | 9. 294 9. 303 
9. 052 | 9. 067 9. 082 9. 096 | 9. 119 9, 138 | 9. 151 9. 162 | 9. 173 
8. 920 8. 937 | 8. 953 8. 969 | 8. 993 9.010 9. 028 9. 034 | 9. 045 


0.05996 


0.0315 





0.0365 0.0516 0.061 


0.0416 | 


0.06995 0.07995 0.09993 0.1196 


7 0.0717 


0.0818 


42 0.13991 0.15990 


12. 066 12.080 | 12.092 12. 110 12.124; 12137] 12.148 | 
11. 882 11.896 | 11. 910 11. 929 11. 944 11. 958 11. 970 | 
11.708} 11.723} 11.736 11. 756 11.771 11.784 | 11.796 | 
11.538 | 11.553} 11. 566 11.587 | 11.602] 11.615] 11.627 

11. 373 11.388 | 11. 402 11. 423 11. 439 11.452 | 11. 464 

11, 216 11. 232 11, 245 11. 266 11. 281 11.294} 11.306 | 
11. 061 11.077 | 11.090 | 11. 109 11.123 | 11.137 11. 150 | 
10. 907 10.923 | 10. 936 10. 955 10.969 | 10.981 | 10. 994 | 
10. 760 10.776 | 10.790 10. 811 10. 826 10.839 | 10. 850 | 
10.616 | 10.632} 10.645 10. 665 10. 678 10.690 | 10. 702 | 
10.467} 10.481 | 10.493 10. 515 10.531 | 10.544} 10.557 | 


0.02000 


11. 920 


11. 786 
11. 654 


11. 534 





TABLE 20. p(agyci) in some solutions at 60 to 95 °C 
| 
0.0203 Solution |t (°C) =60 
Satd. at 25 °C) a ee . | cl 
| | 
‘ani 0.05-m potassium tetroxalate_...-.------| 1, 827 
I | p(aHci) Potassium hydrogen tartrate, satd. at 
See 25 °O.....--.-=---- : .-| 3.643 
0.05-m potassium hydrogen phthalate 4.175 
| | 0.025-m potassium dihyarogen phos 
0.054 | 13. 510 phate 0.025-m disodium hydrogen 
. 053 | 13. 291 phosphate_- es ES RIESE 6. 948 
.O51 | 13. O88 0.01-m borax...- % 9. 026 
050 12. 893 
| .050 | 12.712 Tes ——_ 
| 
. 049 12. 537 
. 049 12. 381 
. 048 | 12. 219 
. 048 | 12.070 
| .048| 11.926 
| | 
| .047 11.790 
| .047 | 11. 661 
. 047 11. 540 
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0.0918 


0.17988 | 


0.1019 
| 0.19987 


12. 158 12. 168 
11. 980 11. 990 
11. 807 11. 818 
11. 638 11. 649 
11. 475 11. 486 
| 
11.318} 11.329 
11. 162 | 11. 174 
11.006 | 11.018 
10. 860 | 10. 870 
10.714 10. 725 
10. 569 10. 581 











70 | 90 | 0 | 9 


| 
1. 849 | 1.877 1. 904 1.919 





2. 664 | 3.698 | 3.738 | 3.767 

4.219 | 4.259 | 4.301 | 4.331 
| | 

6.962 | 6.979 | 7.001 | 7.014 

8.990 | 8.953 8. 899 


| 8.920 
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2,3-O-Isopropylidene-a@-D-lyxofuranose, the Monoacetone- 
D-lyxose of Levene and Tipson 


Robert Schaffer 


(July 11, 1961) 


\ proof of structure is presented for the title compound, previously uncharacterized. 
In the course of the investigation, the crystalline 2,3-O-isopropylidene acetals of calcium 
b-lyxonate, p-lyxono-1,4-lactone, b-lyxitol, 6-p-erythrofuranose, calcium b-erythronate, and 
p-erythrono-1,4-lactone were prepared. The diacetate and dibenzoate of 2,3-O-isopropyli- 
dene-p-lyxose were also synthesized. 


1. Introduction O-isopropylidene-p-lyxonic lactone (III); the latter 
was also obtained directly from I by oxidation with 
absorption bromine in a buffered solution [6]. Additional evi- 
dence for the presence of a free reducing group was 
[1]? was a crystalline mono-O-isopropylidene-p-lyxose found thin : —— ie Shasta [7]; a 
(1) that Levene and Tipson [2] had prepared in 1936, aoe Th St ae eo — Ay: , — dow 
but whose structure has not hitherto been deter- | Hted. ius, 1 exhibits the properties of an aldo- 
mined. Interestingly, its infrared absorption spec- eethaty that — ~a ceeneen with so i con 
trum was found [1] to contain bands that had | lecular proportion of acetone at two of its four 
previously been tentatively correlated with furanoid ale ei —— groups. hs — 
structures [3], but, as was pointed out [1], a furanoid 1e rather slow reaction that took place on treating 
ring could not be assigned from this evidence alone, | 1 with sodium metaperiodate provided evidence for 
because some nonfuranoid structures show many of | one of the points of attachment of the isopropylidene 
these bands, too. Inaddition, however, since p-lyxose See ae 2 — _— ager = irs 
is in the same homomorphous series as D-mannose, | ®#!ter 40 hr of reaction (when 0.¢ mole of periodate 
which forms a furanose 2,3:5,6-di-O-isopropylidene | had been consumed or of I); this indicates that 
acetal [4], the mono-O-isopropylidene-p-lyxose could the Sng group om ' stared per — 
be expected to possess, structural similarities to the wise formic acid would have been produced [8] 
di-0-isopropylidene-p-mannose. This consideration | The location of the second point of attachment of 
extended the possibility that compound I would yo ee ne “e2 akc yr ern os - = 
prove to be a reducing, Suranoid, sugar derivative. aes ry vice sce » a ri a Lace uct er 
he scarcity of compounds having such structure, | esulted from interaction o She  SOGians SE 
and our interest in the properties that it weuld | periodate. This compound (V) had the composition 
exhibit, prompted this study of Levene and Tipson’s of an acetonate d tetrose. Acid hydroly sis converted 
compound it to a sirupy compound, which was found by paper 
2 Di _ | chromatography to behave identically with an au- 
- ICUs | thentic specimen of p-erythrose [9]. Compound V 
Fr ee ee a ; | was further characterized by oxidation with hypoi- 
ga th ** _ a Fe be ig or purty *P- | odite to a crystalline calcium O-isopropylidenetet- 
tayerte o 4 ) me} me 5 7h o "an a ro il ronate hemihydrate (VI); and from this salt (VI), 
» Oo sucvar rlV: re , » "9 » ‘eac ) . . . . . r 
ducing — “4 ie “ela ¥ a sigtcietMonichh a a crystalline O-isopropylidenetetronic lactone (VII) 
rage r § ‘ s es ta » vay as Ss rf e° e “ Pt e 
= 4g ow a = a Api seteoegsie ic ~~ a - was prepared. Bromine in buffered solution yielded 
ndie bin ar 9 gene vet wa peer arm. 4 elecag ie the same lactone (VII) directly from V. Acid 
9 f, » ‘ : : » a) . - ¢ » ° r ° 
Ken “ ay Thi. —- wh rhe a “a pn group im the | hydrolysis converted VII to p-erythronic lactone 
va » ras ne Ive 7 ¢ om ¢ an- Ss : ° “ be 
molecule, This was achi¢ he » — ane aay rm [10], which was identified by paper chromatography. 
se ee : oc Mes ‘than oe St | unc’ | Thus, V is an acetonated p-erythrose, and, from this 
. s yr ‘ ‘ryvefs » * ’ W1 * 7 » le . . . . . ° 
J wie = lil ry oo wit — Suan ore “—% conclusion, the location of the isopropylidene group 
at pate Gmyarate | : ; gener 7 dl wit ‘ of compounds I through VII can be deduced. As 
s aff anes re res ‘ » ay rs » ti e e . ’ 
ne ry ie ck Toll ate a, cee ‘liz bi ‘a a | the isopropylidene-p-lyxitol (IV) can be degraded to 
lon, and this was followed by crystallization of an | a p- -erythro- tetrose by glycol c se Sees at C—4 and 
C-—5, and as the hydroxyl group at C-1 of compound 
1 Presented, in part, before the Division of Carbohydrate Chemistry og | T ie 2 43 " Pan, sta _ srafara > 
Americ: in Chemical Society at the 138th National Meeting in New York, N.Y., } I\ 1S unsubstitute d (from its origin), the > fore the 
isopropylidene linkages are to the oxygen atoms at 


September 12, 1960 
9) 


2 Figures in brackets indicate the literature references at the end of this paper. % *< 4 ¢ nn : : 1 
’ Amberlite [R-120 (II*), a product of Rohm and Haas Co., Philadelphia, Pa, | C—2 and C-3. These two carbon atoms become C-3 
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Among the acetals whose infrared 
spectra were studied by Tipson, Isbell, and Stewart 





a 
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and C-2, respectively, of the derived tetrose, but, 
due to the symmetry of the substituent, compounds 
I through VII are all 2,3-O-isopropylidene deriva- 
tives. Of these, compounds IV and V had previ- 
ously been prepared but not crystallized [11], and 
the enantiomorph of V was recently crystallized by 
Baxter and Perlin [12]. 

Molecular models of 2,3-O-isopropylidene-p-lyxose 
show that the aldehyde group of the acyclic sugar 
can form either a furanose ring with the hydroxyl 
group at C-4, or a pyranose ring with the hydroxyl 
group at C-—5, and that, for both rings, a and B 
anomers are possible [2]. Similarly, a model of 
2,3-O0-isopropylidene-p-erythrose shows that a furan- 
ose ring, which is the only possible sugar-ring form 
of this acetal, can readily be constructed, and that 
both an @ or a 8 anomer are possible. 

The actual hemiacetal-ring structures of the 
acetonated sugars were ascertained from the sizes 
of the lactone rings of the products obtained on 
oxidation under conditions that precluded expansion 
or contraction of the lactone rings produced. These 
conditions were provided by a buffer, in the oxida- 
tion medium, that served to neutralize any acid 
that might be formed by hydrolysis of lactone and 
might otherwise be transformed into a lactone of 
another ring size. This is the method of Isbell and 
Hudson, and of Isbell [6], who showed that, in the 
presence of buffer, a cyclic sugar is oxidized directly 
to a lactone of the same ring size. In the present 
study, evidence was educed to show that the 
bromine-oxidation product of each sugar is the 
lactone that was subsequently isolated. The ring 
structures of the isolated lactones, which are new 
compounds, were deduced [13] from their carbonyl 
stretching frequencies in the infrared. The carbonyl 
stretching frequencies given in the literature are in 
the range of 1,725 to 1,760 cm™! for 6-lactones (and 
for esters) and in the range of 1,755 to 1,800 cm™! for 
y-lactones. Compound III, with an absorption 
maximum at 1,785 em™~!, and compound VII, with 
& maximum at 1,770 em™', fall in the latter range 
and are, therefore, y-lactones. (The closely related 
2,3:5, 6-di-O-iso propylidene-p-mannono-l, 4-lactone 
absorbs at 1,780 cm™ [11].) 

In determining the hemiacetal-ring form of com- 
pound I, a solution of the products obtained on 
reaction of I with bromine at 0° for 2.5 hr, when the 
oxidation was about complete, was found to have 
a specific optical rotation of +-100°. <A solution of 
the isolated oxidation product, compound IIT, had 
an initial specific rotation of +106°, and on allowing 
both of the above solutions to stand, their values 
decreased. In contrast, the free acid ferm of III 
and its calcium salt have values of —22 and —46.5°, 
respectively, and, on standing in solution, the rota- 
tion of the former becomes dextrorotatory. Thus, 
the optical rotatory properties of the oxidation 
mixture correspond closely to those of III, which 
was obtained in high yield simply by extracting the 
buffered oxidation mixture; and III is, therefore, the 
directly formed oxidation product. Compound III 
is 2,3-0-isopropylidene-p-lyxono-1,4-lactone and, 





consequently, compound I is a 2,3-0-isopropylidene- 
p-lyxofuranose. Compound I shows an initial [a]? 
of +21.4° that changes in 10 min to +18.5°. From 
this mutarotation, an a configuration is assigned [14] 
to C-1 of I 

Starting with compound V, the specific optica 
rotation of the products, measured after about 2 hr of 
oxidation by bromine, was —103°; for a freshly pre- 
pared solution of VII, the isolated product, the 
value is —116°. With time, the rotations of both 
of these solutions become less levorotatory. On the 
other hand, the free acid form of VII and its calcium 
salt have specific optical rotations of +22.2 and 
+65.6°, respectively, and the rotation of the acid 
becomes levorotatory on standing in solution. Com- 
pound VII, which is isolated in very high yield by 
extraction of the reaction products, is clearly the 
direct product of oxidation of V. Compound VII 
is 2,3-0-isopropylidene-b-erythrono-1,4-lactone, and 
V, its precursor, is, therefore, a 2,3-O-isopropylidene- 
p-erythrofuranose. Although mutarotation was not 
detected for its enantiomorph [10], compound V 
was found to mutarotate from [a]? —68 to —66° in 
water and from [a]? —77.6 to —76.2° in methanol. 
Therefore, it is 2,3-O-isopropylidene-6-p-erythro- 
furanose [14]. 

A partial explanation of the relatively slow 
oxidation of I by periodate can be advanced, now 
that its structure is known. For the reaction to 
proceed, hydroxyl groups at C-4 and C-5 are needed, 
and both are present on tautomerization of the 
hemiacetal form to the open-chain form of I. These 
vicinal hydroxyl groups should be as reactive as the 
corresponding pair in compound IV, whose reaction 
with periodate was complete in less than 5 min. 
The much lower rate actually observed with I must, 
because of the observed mutarotation, be due to an 
exceedingly low equilibrium concentration of the 
open-chain form. This explanation for the dimin- 
ished rate of periodate oxidation of I, because of the 
presence of a furanose ring, is in contrast, but not in 
conflict, with the acceleration of the periodate reaction 
that may accompany formation of a furanose ring, 
since the latter oxidation occurs with a,y-dihydroxy 
aldehydes (where the bond between the anomeric 
hydroxyl group of the furanose ring formed and the 
a-hydroxyl group is oxidized [8}). 

Two crystalline esters of 2,3-0-isopropylidene-p- 
lvyxose were synthesized, namely, a diacetate and a 
dibenzoate. As they were obtained in high vield on 
treating pyridine solutions of I with acetic anhydride 
and with benzoyl chloride, respectively, it is assumed 
that they are 1,5-diesters. From steric consider- 
ations, the anomeric acy! groups are expected to be 
exo. Thus, they are tentatively formulated as 
1 ,5-di-O-acyl-2,3-0-isopropylidene-a-p-lyxofuranoses. 

As pointed out by Levene and Tipson [2], and 
confirmed in this laboratory, on slow distillation of 
I, there is formed a second volatile fraction, which 
distills at temperatures higher than does I. This 
as-yet-uncrystallized material is dextrorotatory [2] 
and nonreducing. Its constitution will be the subject 
of a future report. 
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3. Experimental Procedures 


3.1. Acetonation of p-Lyxose to 2,3-O-Isopropylidene- 
a-D-lyxofuranose (I) 


The procedure of Levene and Tipson [2] was 
modified by use of a magnetic stirrer for mixing 20 g 
of crystalline p-lyxose, 50 g of anhydrous cupric 
sulfate, and 0.5 ml of concentrated sulfuric acid in 
500 ml of technical acetone in a stoppered Erlen- 
meyer flask. The heat from the stirrer kept the 
mixture at about 35° for the 5-day reaction time. 
The mixture was then filtered, the filtrate was 
passed through 40 ml of acetone-washed, anion- 
exchange resin,‘ and the effluent was evaporated to 
dryness under diminished pressure. The residue 
was distilled at 0.04 mm, and a fraction weighing 
6.0 g was collected at 105 to 127°. Compound | 


crystallized from its solution in toluene; yield 
4.3 g; mp 81.5-82.5°; [a] #+21.4° (extrapolated ) 
—-+18.5° in 10 min (c, 10; water). Compound | 


had been reported with bp 110° at 0.1 mm, mp 


79 to 80°, and [a]% +18.7° at equilibrium in water | 


(2). A second fraction, weighing 7.4 g, distilled 
between 170 and 180°; this higher-boiling fraction 
is a viscous sirup that does not reduce Fehling 
solution unless it is first hydrolyzed with dilute 
mineral acid. 

Compound I, heated with Fehling solution, does 
not begin to show visible evidence of reaction until 
many minutes have elapsed. Cuprous oxide is then 
slowly precipitated, and its amount gradually in- 
creases over several hours. 

A sample (0.020 g) of I, treated with 0.053 g of 
sodium metaperiodate in 10 ml of solution at room 
temperature, showed 0.1, 0.5, and 0.7 mole of perio- 
date consumed per mole of I, in 2, 17, and 40 hr of 
reaction, respectively. On adding a droplet of 
ethylene glycol to a 1-ml aliquot of the mixture 
after 40 hr of reaction, one drop of 0.01 N sodium 
hydroxide brought the solution to the endpoint of 
bromothvmol blue. 


3.2. Calcium 2,3-O-Isopropylidene-D-lyxonate Dihy- 
drate (II) 


An aqueous solution of 0.95 g of I was treated 
alternately with 10 ml of 0.1 N iodine solution 
(0.25 N potassium iodide and 0.1 N iodine) and 
(dropwise) with 15 ml of 0.1 N sodium hydroxide, 
until a total of 110 ml of the former and 165 ml of 
the latter had been added. The additions required 
about 15 min, and, after 5 min additional, the mix- 
ture was cooled to 0° and passed through a column 
containing 60 ml of ice-cold, cation-exchange resin 
(see footnote 3). The effluent was collected in a 
stirred, aqueous slurry of 10 g of silver carbonate. 
After filtration of the suspension, the ice-cold fil- 
trate was passed through an additional 10 ml of the 
resin. Neutralization of the effluent with calcium 
hydroxide was followed by concentration under 
diminished pressure and crystallization of II from 


4 Duolite A-4, a product of Chemica] Process Co., Redwood City, Calif. 








95-percent ethyl alcohol. The product was_ puri- 


fied further by dissolution in absolute ethanol, 
filtration, evaporation, and recrystallization from 
95-percent ethyl alcohol. Calcium 2,3-0-isopro- 


pylidene-p-lyxonate dihydrate was isolated in 80- 
percent vield; [a]*2—46.5° (c,1; water). 

a, Calculated for Cy,HoCaQ,.-2 HO: C, 39.5; 
6.2; Ca, 8.2. Found: C, 39.2; H, 6.3; Ca, 8.2. 
‘Aciditfic ‘ation of a solution of 0.122 g ‘of the salt 
with an equivalent proportion of hydrochloric acid 
changed the specific rotation to [a]?s—22° (caleu- 
lated as 2,3-O0-isopropylidene-p-lyxonic acid), and 
no change in optical rotation was detected during 
the next 5 min. However, on addition of a second 
equivalent proportion of acid, the observed optical 
rotation® changed in several hours from —1.24 °S 
to values higher than +2.9 °S, then decreased 
slowly, and finally increased very slowly during the 
next 10 days to +2.6 °S. 


H, 


3.3. 2,3-O-Jsopropylidene-D-lyxono-1,4-lactone (III) 
From JI] 


An ice-cold aqueous solution of 0.68 g of IIT was 
passed through a column containing 10 ml of ice- 
cold, cation-exchange resin (see footnote 3), and the 
effluent was freeze-dried. The dried residue was 
crystallized from benzene; vield, 90 percent; mp 
99 to 100°; [a]?2+106°, initially (c¢, 1.6; water). 
The initial observed rotation, +9.9 °S, decreased to 
+3.6 °S in 22 days. 

Anal. Calculated for 
Found ©, 51.1; H, 6.4. 


C.H,,0;: C, 51.0; H, 6.4. 


3.4. Preparation of Compound III by Bromine Oxi- 
dation ot I 


A sample (0.19 g) of I, mixed with 1.2 g of barium 
carbonate, was treated at 0° with 20 ml of an ice- 
cold solution containing 1.2 g of barium bromide 
dihydrate, 0.4 ml of bromine, and 0.08 ml of concen- 
trated hydrobromic acid. After 2.5 hr, ethylene 
was bubbled through the mixture, and the debromi- 
nated suspension was filtered. The specific optical 


rotation of the filtrate was about 100° and 
changed to +96° in the next 25 min. The filtrate 
was freeze-dried, and the residue, extracted with 


chloroform, gave, on evaporation of the extract, 
0.16 g of erystalline IIT. 


3.5. 2,3-O-Isopropylidene-D-lyxitol (IV) 


To astirred solution of 1.0 g of Lin 5 ml of water at 

, 0.175 g of sodium borohydride was added, and 
the solution was allowed to warm to room tempera- 
ture. The next day, the solution was again cooled to 
0°, treated with 5 ml of ice-cold, cation-exchange 
resin (see footnote 3), and then passed through 
column containing an additional 5 ml of the ice- 
cold resin. The effluent was concentrated under 
diminished pressure (with absolute ethanol, to 
remove water), and the concentration was repeated 


6 Observed optical rotations, me asured in a saccharimeter, are given in ‘‘de- 
grees sugar” One degree circular equals 0.3462 times one degree sugar. 


(°S). 
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several times with methanol added (to remove boric 
acid as methyl borate). Crystalline IV was ob- 
tained in 80-percent vield from a solution in ethanol 
by the addition of pentane; mp 84.5-85.5°; [a]? 
+-10° (c, 2; water). A sirupy IV was reported by 
Ballou [11]. 

Anal. Calculated for CgH,,O;: C 
Found: C, 50.2; H, 8.6. 


50:0; Ef, 8-4. 


3.6. 2,3-O-Isopropylidene-§-D-erythrofuranose (V) 


A solution of 0.192 g of IV, treated with 0.225 g 
of sodium metaperiodate, showed within 5 min 
[a]?#?—66° (calculated as V), and the rotation did not 
change in the next hour. For isolation of crystalline 
V, 0.95 g of I in 2 ml of water was reduced at room 
temperature with 0.1 g of sodium borohydride. After 
the solution had been kept overnight, carbon dioxide 
was bubbled through it for 1 hr, and then 1.18 g of 
sodium metaperiodate was added. One hour later, 
the mixture was repeatedly extracted with ether. 
The combined extracts were evaporated to dryness, 
to yield a crystalline residue. This was redissolved 
in ether, and the solution was filtered and re-evapo- 
rated. For purification, the product was sublimed 
at 0.03 mm at a bath temperature of 52°. An ether 
solution of the product gave, on drying, crystalline 
V; weight 0.7 g¢g; mp 32.5—34.5°; [a]??—68° ~— 66° 
in 2 min (ce, 4.2; water); [a]??—77.6°——76.2° in 3 
hr (c, 7; methanol). Sirupy V has been reported 
[11], and mp 29 to 31° and [a]??+72° (in methanol) 
were reported [12] for the crystalline enantiomorph 
of V. 

Anal. Calculated for C,;H,.0,: C, 52.4; H, 7.5. 
Found: ©, 52.6: H. 7.7. 

A sample of V in water containing cation-exchange 
resin (see footnote 3) was heated at 80° for 1 hr. 
The hydrolyzate was chromatographed on _ paper. 
The compound migrated like an authentic specimen 
of p-erythrose that had been prepared from erystal- 
line, ‘“dimeric’”’ 2,4-O-ethylidene-p-erythrose [9]. 


3.7. Calcium 2,3-O-Isopropylidene-D-erythronate 
Hemihydrate (VI) 


The oxidation of 0.16 g of V with a mixture of 22 
ml of 0.1 N iodine solution and 35 ml of 0.1 N 
sodium hydroxide was carried out as deseribed in 
section 3.2. The crystalline product was obtained 
from 95-percent ethyl alcohol; weight, 0.17 g; [a]#% 
+65.6° (ec, 1; water). It is hygroscopic; a sample 
was dried at 110° under vacuum before analysis. 

Anal. Calculated for C,,H2.CaQO;.-0.5 H.O: C, 
42.1; H, 5.8; Ca, 10.0. Found: C, 42.3; H, 5.8; 
C 


A solution (9 ml) of 0.0975 ¢g of VI in water, on 
treatment with 1 ml of N hydrochloric acid, showed 
la] ?2+22.2° (l=2 dm) initially (calculated for 2,3-0- 
isopropylidene-p-erythronic acid). After 4 hr, the 
observed rotation (see footnote 5) was —1.7 °S, and, 
during the next 16 hr, the rotation at first continued 
to become more levorotatory and then less levoro- 
tatory; a final rotation of —1.25 °S was observed. 








| 3.8. 2,3-O-Isopropylidene-D-erythrono-1,4-lactone 
(VII) From VI 


A solution of 0.1 g of VI in ice-cold water was 
passed through a column of 5 ml of ice-cold, ion- 
exchange resin (see footnote 3), and was then con- 
centrated under diminished pressure to a thin sirup 
and reconcentrated several times with absolute 
ethanol; VII crystallized from the sirup. The prod- 
uct was recrystallized from ice-cold ether; yield 0.06 
g; mp 65 to 67.5°; initial [a]?? —116° (ec, 1; water). 
The rotation (see footnote 5), observed in a 2-dm 
tube, changed to —1.2 °S in 6 days. 

Anal. Calculated for C;H,OQ,: C, 53.2; H, 6.4. 
Found: C, 53.0; H, 6.4. 

A sample of VII in water was hydrolyzed by means 
of a cation-exchange resin (see footnote 3) at 80° for 2 
hr, and paper chromatography of the hydrolyzate 
showed a product that migrated like p-erythrono- 
1 ,4-lactone [10]. 


3.9. Preparation of VII by Bromine Oxidation of V 


A stirred solution of 0.164 g¢ of V in 10 ml of ice- 
cold water was treated with 1.2 g of barium carbon- 
ate, and with 10 ml of a solution containing 1.2 g of 
barium bromide dihydrate, 0.4 ml of bromine, and 
0.08 ml of concentrated hydrobromic acid. After 2 
hr, the mixture was debrominated with ethylene, and 
filtered ; the filtrate had [a]??—103°, and this slowly 
changed to less levorotatory values. The solution 
was quickly extracted several times with chloroform, 
and evaporation of the combined extracts gave VII 
in about 90-percent vield. 

3.10. 1,5-Di-O-acetyl-2,3-O-isopropylidene-a-D- 
lyxofuranose 


A solution of 1 ml of acetic anhydride in 9 ml of 
pyridine rapidly dissolved 0.3 g of I. After 18 hr at 
room temperature, 50 g of ice (from distilled water) 
was added, and the mixture was stirred until the ice 
had melted; the solution was then freeze-dried. On 
dissolving the sirupy residue in 1.0 ml of absolute 
ethanol, cooling the solution to 0°, and adding water 
dropwise, the crystalline diacetate was obtained in 
90-percent yield; mp 49.5-50.5°; [a]? +62.8° (e, 1; 
chloroform). 

Anal. Calculated for Cy.H,O;: C, 52.5; H, 6.6. 
Found: C, 52.3; H, 6.5. 


3.11. 1,5-Di-O-benzoyl]-2,3-O-isopropylidene-a-D- 
lyxofuranose 


A solution of 0.25 g of Lin 8 ml of pyridine and 2 
ml of benzoyl chloride was kept at 0° for several hours 
and then at room temperature for 3 days. The mix- 
ture was poured into 100 ml of ice and water, and, 
after being stirred for 2 hr, was extracted with chloro- 
form. The combined extracts were successively 
washed with aqueous sulfuric acid, aqueous sodium 
bicarbonate solution, and water, and then dried. The 
product was crystallized from ethanol; vield 0.3 ¢g; 
mp 93.5—94.5°; [a]%+-17.3° (e, 1; chloroform). 
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Anal. Calculated for C.,H».O;: C, 66.3; H, 5.6. 
Found: C, 66.1; H, 5.6. 


The author expresses his appreciation to H. 5S. 
Isbell and R. 8S. Tipson for highly valued discussions 
and encouragement throughout this work; to E. R. 
Deardorff and R. J. Bowen for the microanalyses; 
and to S. C. Wait, Jr., J. J. Comeford, and F. P. 
Czech for recording the infrared absorption spectra 
of the compounds described. 
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The effects of addition of small quantities of perchloryl fluoride and of oxygen on the 
flame speed of methane-air mixtures have been determined and are compared with each 


other and with the effect of moderately 


preheating the burning mixture. Only small 


additions of perchloryl fluoride, up to 3 percent by volume, could be used because of the 


corrosiveness of its combustion products. 


Perchloryl] fluoride is more effective than oxygen 


in increasing the flame speed of methane but less effective, in the amounts added, than 


preheating the burning mixture to 330°F. 


Maximum flame speeds for given experimental 


conditions were found to vary linearly with increasing additions of either perchloryl fluoride 


or OXY gen, 


1. Introduction 


The determination of the effect on flame speed of 
small additions of perchloryl fluoride was carried on 
concurrently with another task in which gross effects 
in the combustion of hydrocarbons with perchloryl 
fluoride addition in a large duct were measured. 
Results of experiments in the duct reflected the 
combined influences of high temperature, variation 
of pressures, turbulence, ‘and fuel-oxidant mixture 
ratio. Since closer control of conditions is possible 
in a small burner, the effects of the parameters con- 
sidered on the flame speed are more clearly identified, 
and thus the information obtained is more basic. 
Methane was chosen as the fuel because we had had 


much experience in the determination of flame | 


speeds of methane-air mixtures. 
of the experiments with perchloryl fluoride, a series 
of experiments was run with similar quantities of 
oxygen added to methane-air mixtures to compare 
the effects of oxygen and perchloryl fluoride. 
Perchloryl fluoride (CIO,F) is’ a relatively new 
compound, discovered in 1952 [1].’ It is stated 
[2] to be an inert gas at room temperature, stable 
and noncorrosive when dry; its freezing point is 
~146 °C and its boiling point is —46.8 °C. In the 
presence of water, it is very corrosive to most metals. 


At the conclusion | 


Its heat of formation is —5.12 kcal/mole [3]; thus it | 


‘an be expected, under the proper conditions, to be 
very active chemically, with high heats of reaction. 

Lodwig and Margrave [4], in a study of perchlory! 
fluoride flames, have reported a few determinations 
of the flame —_— of mixtures of 65-75 percent 
methane and 35-25 percent perchloryl fluoride, by 
volume. 


1 Figures in brackets indicate the literature references at the end of this paper. 


Their values for flame speeds of these | 


mixtures range from about 185 to 195 cm/sec 
(centimeters per second) and average about 190 
| cm/sec (6.2 fps) (feet per second). However, their 
method for determining flame speeds, which is based 
on the measurement of the area of the visible inner 
cone of a Bunsen flame, is not now considered to 
vield reliable values. The preferred method is 
considered to be that based on the measurement of 
the schlieren cone [5, 6]. 


2. Apparatus and Procedure 


A description of the apparatus and the method 
used to measure flame speeds has been presented 
earlier [7]. Briefly, this apparatus comprises drying 
and metering systems for both air and fuel, a con- 
ditioning chamber for the mixture of fuel and oxidant, 
and a nozzle, the exit of which is the burner port. 
Means are provided to control the temperature of 
the combustible mixture issuing from the nozzle. 

For the present experiments it was decided to 
prepare mixtures of air and the added oxidant 
(perchloryl fluoride or oxygen) of the desired strength 
and to meter this mixture, rather than to set up a 
third metering system. Some error in the measure- 
ment of the flow of these mixtures was inevitable, 
since the calibration of the sharp-edged orifice used 
to meter the gas depended on the density of the gas. 
How ever, in view of the small quantities of additive 
used (5 percent by volume maximum for perchloryl 
rast and 6 percent for oxygen), it was felt that 
the error so introduced would be tolerable. The 
mixtures of air and added oxidant were prepared in 
a 120 gal (16.05 cu ft) galvanized steel tank. The 
tank was evacuated to a pressure of several microns, 
and the oxidant was admitted from its container; 
pressure of the oxidant was measured by a mercury 
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manometer, read to 0.01 in. Air from a compressor 
was dried by passing first through a column of 
activated alumina and then through a cold trap 
immersed in a slush of dry ice in a mixture of equal 


parts by weight of carbon tetrachloride and chloro- | 


form. It was then slowly admitted to the tank. 
Water content was thus kept to 0.03 percent by vol- 
ume. The final pressure in the mixing tank was 
generally about 150 psig and was read on a calibrated 
Bourdon gage to 0.1 Ib. 

Because the products of combustion of perchlory] 
fluoride include hydrogen chloride and hydrogen 
fluoride, the exhaust gas was drawn by a large 
capacity vacuum pump from the enclosure surround- 
ing the burner nozzle, and then through a chamber 
packed with copper turnings before being exhausted 
into the air. 

Mixtures of 0.5, 1, 2, 3, 4, and 5 percent by volume 
of perchloryl fluoride in air were prepared. For 
ach mixture, attempts were made to determine the 
variation of flame speed with mixture ratio, by 
weight, of methane to air plus added _ perchloryl 
fluoride, with the velocity of the gas at the port of 
the nozzle held constant. The mixture ratio ranged 
from 0.054 to 0.072 and the velocity of the gas 
mixture at the port of the nozzle ranged from 4 to 
7 fps. 

Burning mixtures prepared with methane and air 
containing 1 and 2 percent, respectively, by volume 
of perchloryl fluoride yielded stable flames over the 
entire range of mixture ratios and gas velocities used. 

Table 1 lists the conditions at which blowoff and 
flashback were encountered with the other mixtures. 
Blowoff represents the lean limit of operation of the 
burner, at which flames cannot be maintained; 
flashback represents the rich limit of operation. 

TABLE 1. 


Limits of operation of burner 


Percent ClO;F Percent O2 wt methane Gas velocity 


by volume by volume - ; . — fps 

added to air added to air wt air+oxidant 
Blowoft 

0.5 0 0. 054 6 

-5 0 . 056 6 

5 0 054 7 

5 0 056 7 

0 -5 054 | 6 

0 5 054 7 

0 5 056 7 

0 1.0 054 6 

0 1.0 054 7 

0 2.0 054 7 

Flashback 
3.0 0 . 066 4 
0 6.0 . 066 4 


Formation of a white deposit on the lip of the port 
of the nozzle during combustion of methane with air- 
perchloryl fluoride mixtures interfered with the gas 
flow and resulted in unstable, misshapen flames. Hy- 
drogen fluoride and bydrogen chloride in the mantle 





| manently distorted flames. 





| deposit of salts was soft and easily removed. 


of hot gas surrounding the inner cone of the flame 
undoubtedly had reacted with the metal of the nozzle 
to form a mixture of chlorides and fluorides. This 
Rate of 
deposition was slow with weak mixtures of perchlory]l 
fluoride and air; with proper care, stable conical 
flames were maintained. Rate of deposition with 4 
and 5 percent mixtures, however, was so fast that un- 
distorted flames could not be maintained. Hence, 
flame speeds could not be determined. 

In a zone beginning about 0.03 in from the lip of 
the port of the nozzle and extending for about 0.2 in, 
the metal was eaten away to a depth of about 0.02 
in, leaving a thin rim of untouched metal surrounding 
the port of the nozzle. During the first experiments 
with the 3 percent mixture of perchloryl fluoride, this 
rim burned through at one spot, thus creating per- 
Experimentation with 
perchloryl fluoride was discontinued and the nozzle 
was removed from the burner system for repairs. Of 
the six bronze screens used to smooth the gas flow in 
the conditioning chamber of the burner assembly, the 
two top ones were heavily corroded and had to be 
replaced. Since flashback of perchloryl fluoride 
flames had taken place several times, it was felt that 
the corrosion of the screens was a result of these oc- 
currences. The other four screens were in good con- 
dition. The reflecting surface of the spherical mirror 
used to focus light on the schlieren stop was eaten 
away in spots; this mirror was also replaced. The 
sharp-edged orifice used to meter the mixtures of air 
and perchloryl fluoride was in good condition. 

Mixtures of air and 0.5, 1, 2, 3, 4, 5, and 6 percent, 
by volume, of added oxygen were prepared. Varia- 
tion of flame speed with mixture ratio, by weight, of 
methane to air plus added oxygen was determined fer 
ach mixture. Velocity of the effluent gas at the 
nozzle port was held constant. As in the case of 
perchloryl fluoride, mixture ratio varied from 0.054 
to 0.072, and gas velocity ranged from 4 to 7 fps. 

Burning mixtures made from air containing 3, 4, 
and 5 percent by volume of added oxygen gave stable 
flames over the entire range of mixture ratios and gas 
velocities used. Table 1 lists the conditions at which 
blowoff and flashback occurred with mixtures of other 
strengths. As mentioned above, these represent the 
lean and rich limits of operation for the burner. 

The temperature controlled nozzle was used 
throughout these experiments, but the control of 
temperature was not as good as had been in previous 
experiments. Because of the limited supply of 
oxidant mixture, the nozzle could not be brought 
to thermal equilibrium, so there was a change in 
temperature during an individual run. The largest 
temperature change during a run of about three 
hours’ duration was a rise of nine degrees Fahrenheit ; 
generally the temperature change did not exceed 
five degrees. Since the fluid circulating in the 
nozzle was cooled by tap water, temperature of the 
nozzle and hence of the incoming combustible 
mixture depended on the temperature of the tap 
water; as the experiments reported here lasted over 
a vear, there was considerable seasonal variation 
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in the nozzle temperature. The winter temperature 
was about 80-85 °F, while the summer temperature 
was about 95-100 °F. The variation of flame speed 
with mixture temperature for methane-air flames 
had been found to be 0.0048 ft/°F [7]. The effect 
of temperature on methane-air-perchloryl fluoride 
and methane-air-oxygen flames, especially at low 


concentration of additives, should be of similar 
magnitude. Over a temperature range of 15 °F, 


this would amount to about 0.07 fps. For a flame 
speed of about 1.5 fps, poor temperature control 
could introduce a variation of about 7 percent be- 
tween summer and winter, and about 2 percent 
in an individual determination when the change of 
the temperature of the nozzle and of the incoming 
combustible mixture is 5 °F. 


3. Results 


Results of the addition of perchloryl fluoride are 
shown in figures 1 and 2. Figure 1 shows the varia- 
tion of flame speed with mixture ratio, by weight, 
of methane to air plus perchloryl fluoride at gas 
velocities, measured at the port of the nozzle, of 4, 
5, 6, and 7 fps, when 0.5, 1, 2, and 3 percent by 
volume, respectively, of perchloryl fluoride was 
added to the combustion air. Results obtained 
with burning mixtures made from the 0.5 and 1 
percent. perchloryl fluoride-air mixtures show the 
flame speed increasing as the mixture becomes 
richer in fuel, rising to a maximum and then de- 
creasing. With the 2 percent mixture, the flame 
speed increases as the burning mixture becomes 
richer in fuel, and a maximum value seems to occur 
at mixture ratio of 0.072. Only one set of obser- 
vations could be made with the 3 percent mixture; 
at a gas velocity of 6 fps, flame speed increased 
as the burning mixture became richer in fuel until 
flashback occurred at a mixture ratio of 0.066. 
Maximum flame speeds and the experimental con- 
ditions at which they occurred are listed in table 2. 
TABLI 2: Maximum flame speeds for perchloryl fluoride 
addition and the experimental conditions at which they 
were obtained 


Flame speed wt methane | Percent ClO;F | Gas velocity | Gas temp. 
fps : : by volume fps ; 
wt air + ClO3F added to air 
1. 449 0. 068 0.5 4 87.8 
1. 475 O66 5 5 8S. 0 
1, 480 065 5 6 RS. 
1. 455 O66 5 7 SS. 4 
1, 652 070 1.0 4 93.1 
1.611 O66 10 5 90. 6 
1. 705 O70 1.0 6 92. 4 
1. 690 072 1.0 7 94.4 
1. 970 O72 2.0 1 85.7 
2 ORD 072 2.0 5 90.3 
1. 770 072 2.0 6 &O, 7 
2 1293 O72 2. 0 7 SS. 4 
2 386 064* 3.0 6 82 0 


* Flashback occurred at 0.066 
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Effect of mixture ratio, by weight, of methane to air 
plus perchloryl fluoride on flame speed. 


FIGURE 1. 


| Percent, by volume, of added perchloryl fluoride=a, 0.5; b, 1.0; ¢, 2.0; and d, 


3.0. Gas velocity=1, 4 fps; 2, 5 fps; 3, 6 fps; and 4, 7 fps. 


flame speed occurs. It had been found previously 
[7] that maximum flame speed, 1.233 fps, for meth- 
ane-air at a temperature of 84.4 °F occurred at 
mixture ratio of 0.062. The addition of 2 percent 


As may be noted from the data listed in table 2, | by volume of perchloryl fluoride moved the maximum 


the addition of perchloryl fluoride to the combustible 
mixture shifted the mixture ratio at which maximum 


flame speed to a mixture ratio for methane to air 
plus perchloryl fluoride of 0.072. 
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Theoretically, flame speed is a property of the fuel 
and oxidant and of the physical condition of the 
mixture, and is independent of the apparatus in 
which it is measured. Hence, it was not expected 
that there be any variation of flame speed with gas 
velocity. However, there proved to be some varia- 
tion. The 0.5 percent mixture of perchloryl fluoride 
in air showed practically no variation for lean burning 
mixtures. At richer mixtures, fuel-air plus _per- 
chloryl fluoride ratios of 0.068 and higher, there was 
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Effect of added perchloryl fluoride on maximum 
flame speed. 


Ficure 2. 


Gas velocity =a, 4 fps; b, 5 fps; c, 6 fps; and d, 7 fps. 





a slight decrease of flame speed as gas velocity 
increases, which amounted to about 1.5 percent of 
the average value of the flame speed. The 1 percent 
mixture showed a small increase of flame speed as the 
as velocity increases, also with a variation of about 
.5 percent. The 2 percent mixture showed a larger 
nerease of flame speed with gas velocity, with a 
variation of 5 percent. (If the value of flame speed at 
6 fps, which seems much too low, is ignored, then the 
variation becomes about 3 percent.) The flame 
speeds considered here have been corrected for 
temperature. The reasons for the variation of flame 
speed with gas velocity are obscure. Since these 
variations are small, they may be due to experi- 
mental difficulties, such as locating the flame front in 
the enlargements of the flame photographs, and thus 
they may fall within the experimental error. How- 
ever, the trends seem to be consistent and, since a 
similar variation of flame speed with gas velocity had 
been found for methane-air flames previously [7], it is 
felt that the variation does exist. Conditions of the 
gas flow in the throat of the nozzle, e.g., the presence 
or absence, and the extent, of a boundary layer, are 
the most likely cause. 

From the data which are listed in table 5, it may be 
shown that flame speed increases linearly with in- 
creasing percentage of perchloryl fluoride, at least 
over the small range of perchloryl fluoride addition 
covered here, and as the burning mixture becomes 
richer in fuel, the rate of increase of flame speed 
becomes larger. The values of flame speed at 0 
percent perchloryl fluoride, that is, for a methane-air 
flame, are taken from our previous work [7]. In 
figure 2 is shown the relation of maximum flame 
speed for each gas velocity to the percentage of per- 
chloryl fluoride added. Maximum flame speed 
varies linearly with the percentage of added _per- 
chlory] fluoride, and the rate of increase at each gas 
velocity is about the same. 

Figures 3 and 4 show the effect of addition of 
oxygen on the flame speed of methane-air mixtures. 
Figure 3 shows the variation of flame speed with 
mixture ratio, by weight, of methane to air plus 
oxygen at constant gas velocity and at various 
strengths of added oxygen. The maximum flame 
speeds observed for each set of experimental con- 
ditions are listed in table 3. It can be noted in 


or 
5S 
] 


| figure 3 that, at low percentages of added oxygen, as 


the burning mixture becomes richer in fuel, the 
flame speed increases to a maximum and then 
decreases. As the burning mixture becomes richer 
in oxygen, the value of the mixture ratio at which 
the flame speed is a maximum gradually changes 
toward the fuel-rich side, and at 5 percent added 
oxygen, the maximum flame speed occurs about 
fuel to air plus oxygen ratio of 0.072. With 6 
percentadded oxygen, the maximum flamespeed occurs 
beyond 0.072; 1.e., an inflection point is not observed. 
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Figure 3(d). Effect of mixture ratio, by weight, of methane 
to air plus added oxygen on flame speed. 
Percent added oxygen=a, 0.5; b, 1.0; c, 2.0; d, 3.0; e, 4.0; f, 5.0; and g, 6.0. Gas 


velocity=A, 4 fps; B, 5fps: C, 6 fps; and D, 7 fps. 

Flame speeds of methane-air mixtures to which 
oxygen had been added also proved to vary some- 
what with gas velocity. In general, the flame speed 
decreased as the gas velocity increased. However, 
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Figure 4. Effect of added oxygen on maximum flame speed. 
i 


Gas velocity =a, 4 fps; b, 5 fps; c, 6 fps; and d, 7 fps. 


there were a few instances where an increase of flame 
speed with increasing gas velocity occurred: at 0.5 
percent oxygen addition, at mixture ratio of 0.072; 
at 1 percent oxygen addition, at mixture ratio of 
0.072; and at 6 percent oxygen addition, at mixture 
ratios of 0.056, 0.058, 0.060, 0.062, 0.064, 0.066, and 
0.068. These variations of flame speeds, whether 
increase or decrease, are small and amount to about 
1.2 percent of the average value of the flame speed. 
The flame speeds considered here have been cor- 
rected for temperature. 

The data which are displayed in table 6 show the 
effect of increasing the amount of oxygen in the com- 
bustible mixture on the flame speed. It may be 
shown that flame speed increases linearly as_ the 
amount of oxygen is increased up to the addition of 
4 or 5 percent; then the rate of increases changes 
abruptly and becomes less; the increase appears to 
be still linear. This effect is seen at all mixture 
ratios of fuel to air plus oxygen that were used and 
at all gas velocities. However, at gas velocities of 
6 and 7 fps, the effect is less pronounced than at 4 
and 5 fps. The rate of increase of flame speed (up 
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to 4 or 5 percent oxygen added) is greater with mix- 
tures that are fuel-rich. If, as in figure 4, the maxi- 
mum flame speed observed for each experimental 
condition is plotted against the percentage of oxygen 
added to the combustible mixture, then the result is 
a straight line and the slopes of the lines at each 
gas velocity are of similar magnitude. The values 
of flame speeds for 0 percent oxygen addition, that 
is, for methane-air, are taken from [7]. Since the 
maximum addition of oxygen was only 6 percent, 
one might question if there would not be a break in 
the curve at large oxygen addition. Lewis and von 
Elbe [8] reproduce a figure taken from the work of 
Jahn in which flame speed is plotted against the 
concentration of methane for “combustion airs’’ 
containing from 21 to 98.5 percent by volume of 
oxygen. A line drawn through the maximum flame 
speed found for each condition of “combustion air’ 
is practically a straight line, showing a very slight 
degree of curvature, -so that from 21 to 40 percent, 
by volume, of oxygen, the line is straight. In our 
experiments oxygen in the “combustion air’ varied 
from 21 to 25.5 percent by volume. 


TaBLeE 3. Mazimum flame speeds for oxygen addition and 
the experimental conditions at which they were obtained 


wt methane Percent O2 
Flame speed = < by volume Gas velocity Gas temp. 


{ps lwt air + oxygen!) added to air fps 
I 322 0. 064 0.5 4 849 
1. 333 . 064 .5 5 84.3 
1. 343 062 .8 6 87.2 
1. 318 064 5 7 86.9 
1. 440 O64 1.0 4 88.2 
1. 422 062 1.0 5 88. 6 
1. 436 062 1.0 6 88.0 
1, 443 066 1.0 7 91.7 
1. 583 . 064 2.0 4 92.4 
1. 634 . 065 2.0 5 95.7 
1. 634 068 2.0 6 97.4 
1. 581 066 2.0 7 95. 2 
1. 707 070 3.0 4 100.0 
1. 788 . 068 3.0 5 97.0 
1. 786 . 070 3.0 6 98.4 
1. 765 070 3.0 7 101.3 
1. 930 . 070 4.0 4 95.3 
1. 970 072 4.0 5 98. 4 
2. 004 072 4.0 6 102. 4 
1,915 . 072 4.0 7 102. 4 
2.118 072 5.0 4 98.3 
2.139 072 5.0 5 100.5 
2. 067 072 5.0 6 101.2 
2. 080 .072 5.0 7 101.9 
1. 943 *. 064 6.0 4 91.2 
2. 169 > .072 6.0 5 93.8 
2. 187 > .072 6.0 6 95.8 
2.172 > 072 6.0 7 93.9 


*Flash-back occurred at 0.066. 


If it is assumed that the relation between maximum 
flame speed and oxygen content is, in fact, linear, 
then from the slope of the curves in figure 4 the maxi- 
mum flame speed of methane in oxygen is estimated 
to be 16.5 fps (503 cm/sec). For comparison with 
menaaaial values, Jahn [9] gives 330 cm/sec, Fiock 
[10] lists 393 cm/sec, Singer and Heimel [11] give 445 
cm/sec, and Singer, Grumer, and Cook [12] give 375 
and 440 cm/sec for different types of burners. In a 
like manner from data given in figure 2, it is possible 





a a 


to estimate the maximum flame speed for methane 
and perchloryl fluoride to be about 42 fps (1,280 
em/sec). However, since the extrapolation involved 
is quite large, and the assumed linearity of the rela- 
tion of maximum flame speed with added perchoryl 
fluoride over the entire range up to 100 percent 
perchlorly fluoride quite uncertain, this value of 42 
fps should be regarded with caution. 

The addition of perchlory] fluoride is more effective 
than the addition of oxygen in increasing the flame 
speeds of methane-air mixtures. The greatest flame 
speed observed in these experiments was 2.386 fps; 
this occurred with the addition of 3 percent per- 
chloryl fluoride by volume to the combustion air at a 
mixture ratio, by weight, of methane to air plus 
verchloryl fluoride of 0.064. The gas velocity was 6 
fo the gas temperature, was 82.0 °F and the water 
content was 0.03 percent by volume. The greatest 
flame speed observed on addition of oxygen was 2.187 
fps; this was found with the addition of 6 percent 
oxygen by volume to the combustion air. Mixture 
ratio, by weight, of methane to air plus oxygen was 
0.072, gas velocity was 6 fps, gas temperature was 
95.8 °F, and water content was 0.03 percent by 
volume. The above values for flame speeds should 
be compared with a maximum flame speed of 1.233 
fps for a methane-air flame, mixture ratio, by weight, 
of methane to air of 0.062, gas velocity of 6 fps, gas 
temperature of 84.4 °F, and water content, 0.03 
percent by volume. 

The heat of combustion of methane burning in 
perchloryl fluoride is calculated to be —215.1 keal/ 
mole, while the heat of combustion of methane in 
oxygen is only —191.8 keal/mole. Since there is more 
energy available in the perchloryl fluoride reaction, 
it is to be expected that flame speeds should be larger. 

The flame speed of methane-air mixtures had been 
found previously [7| to depend strongly on the initial 
temperature of the combustible mixture. Increasing 
the temperature increased the flame speed. At 330 
°F, the highest temperature used, maximum flame 
speed was 2.463 fps at a mixture ratio, by weight, of 
methane to air of 0.062. Gas velocity was 5 fps at 
the port of the nozzle and the water content was 0.03 
percent by volume. This value of flame speed 
should be compared to 2.386 fps, the greatest found 
for perchloryl fluoride addition, and 2.187 fps for 
oxygen addition in the ranges covered in this report. 
From our previous work [7], it was found that to 
attain a flame speed of 2.386 fps in a methane-air 
flame, it was necessary to preheat the mixture to 
about 320 °F and to attain 2.187 fps, an initial gas 
temperature of about 295 °F is needed. Hence, 
it is apparent that a moderate increase in the initial 
temperature of the methane-air mixture is more 
effective in increasing flame speeds than is_ the 
addition of small quantities of other oxidants. 





4. Experimental Observations 


Tables 4, 5, and 6 present in detail some observa- 
tions on the effect of some variables on the flame 
speed. 
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TABLE 4. Effect of some variables on flame sp 
wt Flame Gas Wt Flame 
methane speed tempera- methane speed 
Wt air {ps ture Wt air fps 
+ClO;F K +Co 
A. 0.5 percent by volume ClO3F added to air 
1. Gas velocity =4 fps 2. Gas velocity= 
0. 05404 R85, 2 0. 05407 1.159 
O5597 85.7 O5661 1. 241 
05805 x6. 1 05809 1,315 
O6O17 gH. 4 06003 1. 385 
06217 86.8 06212 1.418 
06414 87.2 O406 1.470 
06603 s7.4 O6606 1.475 
O6S02 S7_8 O65806 1. 462 
O7006 SS. 0 O7014 1.429 
07191 87.4 07212 1.412 
3. Gas velocity =6 fps 4. Gas velocity 
0. 05802 1.315 &S. 6 0, 05804 1. 320 
06003 1.379 85.7 06002 1. 379 
06206 1. 430 SH 06200 1. 404 
OWAO1 1. 468 87.3 06404 1. 406 
On601 1. 480 XS. 1 O6608 1.455 
06804 1. 458 SS. f 06797 1.434 
07002 1.414 89. 2 07006 1. 391 
07201 1. 384 SY. ¢ 07201 1. 370 
B. 1 percent volume C1O3F added to air 
i & velocity =4 fp 2. Gas velocity 
0. 05404 1, 250 87.9 1. 234 
05603 1, 328 88.6 1. 321 
05802 1. 380 89, 2 05903 1. 406 
O6O12 1. 504 xO. 8 06108 1.473 
06201 1. 578 GO. 3 06312 1. 546 
OH410 1. 600 90.7 06513 1. 580 
06603 1. 641 1.2 OHH69 1.611 
O6S807 1. 646 W208 O6e26 1. 608 
O7007 1. 652 13.0 07128 1. 600 
07208 1. 637 43. 1 07332 1. 587 
3. Gas velocity=6 fps 4. Ges velocity 
0. 05404 1. 306 91.1 0. 05606 1. 403 
05605 1. 401 ‘} O5815 1. 452 
05780 1. 457 11.4 06027 1. 510 
O6015 l 1) yw ¢ O8208 1. 569 
06204 1. 627 93.4 On4il 1.625 
on4o2 1. 646 | O6H09 1. 64 
06606 1.674 v0.8 1. 676 
OGWSO2 1. 690 G18 O701l 1. 690 
O7003 1. 70. g2.4 07205 1. 669 
07204 1. 690 93. 2 
( percent by volume ClLOsf idded to air 
1, Gas velocity =4 fps Gas velocity 
0. 05403 1. 381 82. 2 0. 05402 1. 435 
05596 1. 482 82.5 05601 1. 534 
O5798 1. 544 83.1 O5807 1. 681 
06003 649 83. 6 06004 1.712 
O6197 1.719 83.6 06207 1. 828 
06404 1.754 85. 0 06407 1. 869 
065907 1.871 85.0 On604 1. 969 
O6S01 1.903 85.6 O5809 1. O87 
07000 1. 945 85.9 07009 2.043 
07200 1.070 85.7 07201 2. OS2 
3. Gas velocity =6 fps 4. Gas velocity 
0. 05409 1. 357 87.9 0. 05397 1. 527 
O5609 1.474 N84 05600 1. 632 
O5806 1. 530 SSS O5799 1. 697 
Q6006 1. 503 SOULS CHu0d 1. 800 
06207 1. 609 84.4 O6187 1. 889 
OMm404 1. 660 8H. 4 On4ol 1. 969 
O6597 1.710 87.8 06600 2.027 
O6SO1 1.743 8S. 4 06796 2. 036 
O7002 1. 758 89. 1 O6999 2. O92 
07206 1.770 89. 7 07199 2.123 


ft ed 


Gas 
tempera- 
ture 

+7 
5 fps 
RS. 5 
85. 2 
8H. 1 
86.7 
87.2 
87.38 
88. 0 
RS. 4 
| 88. O 
88.9 
7 fps 
89.3 
89.7 
90.1 
RS, 3 
&R.4 
89.0 
89.4 
89.9 
5 fps 
91.0 
91.0 
90.6 
91.8 
89.9 
90.6 
1.1 
SU. 6 
8Y. 6 
01.6 
7 fps 
Qh 1 
91.9 
91.4 
R8. 2 
90.0 
91.2 
92.7 
94.4 
95.6 
5 fps 
84.9 
s6.0 
86.5 
86.6 
87.7 
SR. 4 
88.9 
89.0 
89. 7 
90.3 
7 fps 
83.4 
84.2 
S4.8 
85. 2 
85. 8 
86.0 
86.5 
87.2 
&7.9 
SS. 4 


TABLE 4. Effect of some variables on flame speed 


Wt Flame Gas 
methane speed tem pera- 
Wt air fps ture 
+Cl0O3F °F 
D. 3 percent by volume 
C10;F added to air 
1. Gas velocity=6 fps 
0. 05400 1.771 80 
05601 1. G04 79 
O5802 9 079 ¥(). 
06003 2.168 80. 
06205 2. 276 sO) 
06400 2. 386 R2 
wt Flame Gas 
methane speed tem pera- 
Wt air : fps ture 
+O» ae 
A. 0.5 percent by 
2. Gas velocity=5 fps 
0. 05308 &] 
O5508 ball 
O5802 82 
O5999 8&3 
On201 S83 
On401 S4 
OH59S8 8) 
O68799 RS 
07003 6. 
07203 86 
A. 0.5 percent by volume 
Og at dea to air 
4. Gas velocity =7 fps 
0). 05803 1. 258 xo 
O6005 1, 305 90. é 
O6172 1. 305 Rf. ¢ 
06400 1. 318 bell) 
06601 1. 301 87 
O6S804 1. 271 RS. 5 
O7001 1, 219 &Y 
07201 1.187 90 
B. 1.0 percent by 
2, Gas velocity=5 fps 
0.05406 1. 224 So 
05598 1. 284 SO 
. 05801 1. 359 87 
06003 1. 400 8S 
06201 1. 422 SS 
OW402 1. 418 &Y. 
06607 1.417 SY 
06803 1. 402 90 
O7006 1. 342 G0 
07204 1. 267 91 
B.1.0 percent by volume O; added to: 





4. Gas velocity =7 [ps 


V 


Wt | Flame Gas 
methane | speed tempera- 
Wt: fps ture 
i De oF 


A. 0.5 percent by 
volume O2 added to air 


1. Gas velocity =4 fps 
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0. 05411 x0) 
05612 Sl 
O5807 82 
06031 83 
06210 x4 
06399 s4 
O6S807 86. 
07001 6 
07210 86 

Wt Flame Gas 

methane speed tempera- 
Wt air fp a 
+02 
volume QO» added to air 
3. Gas velocity=6 fps 

0. 05600 1. 240 86 
05803 1. 297 Sb 
Q6000 1. 326 86 
06200 1. 343 &7 
06399 1, 329 M4 
06600 1.319 s4 
06799 1. 268 5 
07001 1. 223 Sb 
. 07199 1.158 86 

Bh. 1.0 percent by volume 

O, added to air 
1. Gas velocity=4 fps 

0. 05404 1 s4 
05599 ] 85. 
05796 1 86, 
06004 1 86. 
06202 1 87 
06406 1. 440 
06596 1. 433 SS 
OfSO1 1. 416 SY 
07003 1. 363 89. 
07206 1. 298 90. 

olume O» added to air 
3. Gas velocity =6 fps 

0. 05604 1. 293 90 
05799 1. 352 90 
06003 1. 404 91 
06203 1. 436 RR. 
OmM00 1. 426 RS 
06600 1. 411 SY 
O6R02 1. 384 90 
07003 1. 347 90 
07202 1. 280 91 


ult 


O5S802 1, 365 93.6 
05997 1. 388 87.4 
06202 1. 422 88.7 
. 06401 1. 440 89.8 
06598 1, 443 91.7 
06803 1.429 92.4 
07000 1. 389 92.8 
07196 1. 351 93.7 
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1. Gas velocity =4 fps 
0. 05403 1. 333 
. 05607 1. 388 
. 05807 1. 459 
05999 1. 497 
. 06207 1. 538 
. 06404 1. 583 
. 06612 1. 579 
. 06813 1. 571 
07008 1. 543 
07216 1. 507 


}, 2.0 percent by volume O2 added to 


93 
89 
90. 
91 


Q? 
9? 


93. ¢ 


93 
o4 


—-— Ss 


ur 









































TABLE 4. Effect of some variables on flame speed—Continued ; Taser 4. Effect of some variables on flame speed—Continued 
m te Flame Gas wt Flame Gas w t Flame Gas W t Flame Gas 
methane { speed tempera- methane speed tempera- methane speed tempera- methane speed | tempera- 

Wt air fps | ture ||} Wtair | fps ture Wt air fps ture Wt air fps ture 
+0; -o- & +0; ae | +0: | °F +0: | oF 
i | ! 
2. Gas velocity =5 fps 3. Gas velocity =6 fps E. 4.0 percent by volume O»2 added F. 5.0 percent by volume O» added 
‘ a Se ee é — to air to air 
0. 05412 1. 334 97.0 0. 05405 1.319 97.3 ‘ se 
. 05604 | 1. 400 92.4 . 05609 1.397 93. 2 Jas velocity <7 7 Jocity fps 
"05804 1. 480 | 93.4 * 05808 1467 94.1 4. Gas velocity =7 fps 1. Gas velocity =4 {ps 
. 06008 | 1. 531 94.0 . 06004 1. 540 94.7 
. 06206 1, 579 | 94.5 . 06206 1. 574 95. 4 05408 18 29 5406 
. 06308 1.611 95.1 . 06407 1.614 96.3 F aoe = “4 8 7 caean 
- 06502 | 1. 634 95.7 . 06602 1. 622 96.7 05797 1. 604 100.7 05805 
. 06704 1.617 | 96.1 . 06804 1. 634 97.4 06002 1. 702 100.8 06016 
. 06898. | 1. 607 96.7 . 06999 1.613 97.8 "06205 1.763 101.3 06216 
07104 | 1. 583 97.1 07205 1. 576 98. 4 "06404 1816 101.9 06403 
——_ oe = 06602 1. 872 102.3 06610 
. 06804 1. 897 102.7 06811 
C. 2.0 percent by volume O2 added to air||D. 3.0 percent by volume of O2 added to . 07003 1. 908 102.8 07014 
air . 07197 1.915 102.0 07216 
4. Gas velocity =7 fps 1. Gas velocity =4 fps 
SS | Sr ees ag _ a F. 5.0 percent by volume O2 added to air 
0. 05602 | 1.371 96. 6 0. 05411 1. 388 99.0 
. 05802 | 1, 442 95.3 . 05606 1. 433 94.2 2. Gas velocity =5 fps 3. Gas velocity =6 fps 
. 06001 | 1. 506 93.3 05811 1.516 95.4 lech 
06203 | 1. 536 | 93.9 . 06004 1. 57! 96. 4 
. 06405 1. 574 94.7 . 06213 1. 626 97.4 0. 05405 1. 516 94.3 0. 05400 1. 487 | 94.0 
. 06602 1. 581 95. 2 . 06409 1. 659 98.1 . 05606 1. 624 95.3 05608 1.593 | 95.3 
- 06805 1.579 96.0 . 06615 1. 704 98.8 O5805 1.714 96. 2 O5808 1. 697 96.5 
. 07001 | 1.551 | 96.5 . 06815 1. 707 99.4 . 06008 1. 794 97.0 06004 786 97.3 
- 07200 | 1. 523 | 97.3 . 07011 1. 707 100.0 . 06214 1. 883 97.7 06203 98. 0 
| . 07226 1. 696 100.5 06409 1. 949 98. 1 06408 98. 6 
| | . 06610 2. 004 98.7 06605 99.3 
—- Poo ae a — . O6814 2. 068 99. 4 06805 100.0 
ry - _ . 07013 2. 097 99.9 07006 100.5 
ee — vad apcmeuaine 07217 2.139 100. 5 07204 | 101.2 
as = oa ne 3. Gas velocity =6 fps > 3 ares 
2. Gas velocity =5 fps F. 5.0 percent by volume ©; added G. 6.0 percent by volume O2 added 
— — — = = to alr to alr 
| 
0.05413 | 1, 429 97.7 0. 05408 1. 386 98. 4 * * 
5b s! 99. ¢ 56 7$ 93.7 + _* : 
“05809 | 1.563 O44 “05808 | 1.594 4.8 4. Gas velocity =7 ths 1. Gas volocity =4 fps 
. 06010 1. 624 95.0 . 06006 1.627 95.5 
. 06210 1.679 95. 4 . 06204 1. 672 96.0 0. 05400 1.478 92.8 0. 05403 1.501 | 87.2 
- 06407 1,724 96.1 - 06404 1.714 96.8 - 05603 1.594 95.0 05603 1.610 | 88. 2 
. 06610 1, 758 96.7 . 06608 1. 754 97.4 . 05802 1. 708 06. 4 O5808 1. 704 R8.9 
. 06813 1. 788 97.0 . 06806 1. 784 98.0 06002 1. 796 97.7 06006 1.791 89.9 
.07011 1.776 97.7 . 07007 | 1. 786 OR. 4 06202 1. 887 OR. 6 06206 1. 898 | 90. 6 
. 07208 1. 767 98.0 . 07204 1.781 98. 7 06401 1. 950 99.3 "06402 1.943 | 91.2 
Sate a 2a = See a a at Pe 06602 1. 996 99.9 
. 06802 2. 036 100.6 
D. 3.0 percent by volume O:; added to air, E. 4.0 percent by volume O2 added to air . 07005 2. 068 101.3 
. EN ie : = Leet 2 Tales. . 07202 2. O8O 101.9 
4. Gas velocity =7 fps 1. Gas velocity =4 [ps 2 
G. 6.0 percent by volume O2 added to air 
0. 05396 1. 359 100.4 0. 05415 1. 459 91.0 
- 05594 | 1. 454 100.7 . 05617 1. 532 91.4 
. 05797 | 1, 540 101.1 . 05816 1.612 92.0 2. Gas velocity =5 fps 3. Gas velocity =6 fps 
. 05992 1.612 101.9 . 06020 | 1. 692 92.6 . 
. 06189 | 1. 660 96.9 . 06222 1. 752 93. 2 
. 06391 | 1. 704 98. 2 - 06415 | 1.818 93.7 0. 05404 1.514 8S. 1 0. 05366 1. 526 90.1 
. 06593 | 1.749 99.4 . 06624 1.851 94.2 05608 1. 620 89.0 05605 1. 660 90.5 
. 06793 1. 756 100.5 . 06822 1. 866 94.5 . 05802 1.719 89.7 05808 1. 755 91.0 
. 06995 1. 765 101.3 . 07018 1. 930 94.9 . 06009 1. 800 90.3 . 06004 1. 846 91.8 
. 07188 1, 756 102.3 . 07226 1. 924 95. 3 . 06205 1. 884 90.8 06208 1. 930 92. 6 
‘ . 06407 1. 963 91.5 06404 2. 001 93.1 
ae eae SS SL - ee, ae oe Ce . 06607 2. 029 92.1 06604 2. 062 94.0 
. 06812 2. 090 92.8 06806, 2. 126 94.4 
‘ A « 1 : 7 9 93 : 7 > 9 ( 95. 
2. Gas velocity =5 fps 3. Gas velocity =6fps pond > + - : ‘san > to es 
| Nae = 
0. 05467 1. 522 93.1 0. 05405 1. 476 95. 4 
. 05609 1. 571 93.8 . 05607 1. 559 96.3 
. 05806 1. 668 94.5 . 05810 1. 664 97.3 4. Gas velocity =7 {ps 
. 06008 | 1.746 | 95. 2 . 06004 | 98. 4 = ——— 
. 06210 | 1, 822 95.7 . 06209 | 99.1 | 
. 06416 1, 853 96. 6 . 06414 99.8 0. 05403 | 1. 494 88.0 . 06396 1. 986 | 91.4 
. 06612 1.915 | 97.1 . 06607 100. 4 05605 1. 610 88. 7 - 06604 | 2.054 | 92.0 
- 06811 | 1. 950 | 97.8 - 06807 | 101.1 . 05807 | 1. 734 89.5 - 06802 | 2.111 92.7 
. 07012 | 1.974 | 98. 4 . 07006 101.8 . 06001 1. 883 90. 2 . 07002 2.146 | 93. 4 
. 07210 | 1.970 | 99.0 . 07202 | 102. 4 06202 1. 904 90.9 07201 2.172 | 93.9 
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1ued 


led 


87.2 


88.9 
89.9 
90. 6 


91.2 


TABLE 5. 
of methane 


| 
| Vol percent | 
Flame speed fps C1O3F added 
to air 


Vol. percent 
ClO3F added 
to alr 


A. Gas velocity =4 fps 


Wt methane Wt methane 





: : 0.054 2 : 0 
Wt air+Clogl Wt air+ClO3k 
0.0 0.0 1 
0.5 0.5 ] 
1.0 1.0 1 
2.0 2.0 1 
: Wt methane ’ Wt methane 
3 0.058 =() 
Wt air+ClOgk Wt air+CloOoF 
0.0 1. 188 0.0 1 
0.5 1. 204 0 ] 
1.0 1. 356 1.0 1 
2.0 1. 548 2.0 1 
7 Wt methane Wt methane 
oO." ~ 0.062 6. = - ==() 
Wt air+CloO3F Wt air+ClO3F 
| 
0.0 1. 233 0.0 | 1 
0.5 1. 364 0 1 
10 1. 548 1.0 1 
2.0 | 1.723 2.0 1 
._ Wt methane Wt methane 
7 ~ 0.066 &.- - - =() 
Wt air+Clost Wt air+ClO3F 
0.0 1.190 0.0 1 
0.5 1. 433 0 1 
1.0 1. 622 1.0 1 
2.0 1. 868 2.0 1 
Wt methane = Wt methane 
¥ 0.070 10 0 


Wt air+ClOsF Wt air+ClO3k 


0.0 1.094 0.0 | 1 
0.5 1. 403 0.5 | 1 
1.0 1. 609 1.0 1 
2.0 1. 937 2.0 1 


B. Gas velocity=5 


: Wt methane 
0.054 2? == () 
Wt air+ClOs3F 


Wt methane 
Wt air+Closgt 


| 
0.0 1.094 0.0 | 1 
0.5 1.138 0.5 1 
1.0 1. 201 1.0 1 
2.0 1. 432 2.0 1 


Wt methane Wt methane 


- =(). 058 ~ ~=0 
Wt air+ClOst Wt air+ClO3F 
0.0 1.188 | 0.0 1 
O.5 | 1. 306 | 0.5 1 
1.0 1. 375 1.0 R 
2.0 1. 436 2.0 l 
- Wt methane 0.082 | ‘ Wt methane 6 
) =().062 ) : " ~ =U. 
Wt air+ClOsF | Wt air+C 1lO3F 
0.0 1, 233 0.0 
0.5 1. 404 0.5 
1.0 1. 518 1.0 
2.0 1. 701 2.0 


Flame 


Effect of perchloryl fluoride addition on flame speed 


speed fps 


056 


156 
226 
304 
402 


060 


O64 


223 
404 


568 


06S 


. 148 


432 
604 


SY7 


072 


056 


156 
237 


QRS 


. 526 


060 


O64 
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TABLE 5. Effect of perch 


of methane 


Vol. percent | 
ClO3F added 
to air 


Flame spee 


. Wt methane 0.066 
“Wt air+ClO3F oe 


0.0 1.190 
0.5 1. 457 
1.0 1.577 
2.0 1. 946 


. Wt methane 070 
v. - . 0.04 
Wt air+ClOgk 


0.0 1. 094 
0.5 1. 406 
1.0 1. 574 
2.0 2.016 


loryl fluoride addition on flame speed 
Continued 


Vol. percent 
ClO3F added 
to air 


ad fps Flame speed fps 


Wt methane 


9.= 0.068 
Wt air+ClO;3F 

0.0 1.148 
0.5 1.442 
1.0 1. 582 
2.0 1. 964 


Wt methane eS 
10.- - - =0,072 
Wt air+ClO3F 


0.0 1.017 
0.5 1. 389 
1.0 1. 551 
2.0 2. 052 


C. Gas velocity =6 fps 


Wt methane a 
Bs " -=(),054 
Wt air+ClO3Fk 


0.0 1. 094 
0.5 

1.0 1.272 
2.0 1. 339 
3.0 1. 749 


Wt methane 





D. 
1 Wt methane =0.054 
* Wtair+Cl0O;F 
0.0 1. 094 
0.5 so 
1.0 " 
2.0 1. 532 


Wt methane iain 
9 am - - =().056 
Wt air+ClO3F 


0.0 1.156 
0.5 
1.0 
2.0 


3.0 





Wt methane 





3 0.058 - ~ -=0.060 
Wt air + ClO;F Wt air + C1O;F 
0.0 1.188 0.0 1.219 
0.5 1. 304 0. 5 1. 372 
1.0 1. 422 1.0 1. 495 
2.0 1. 508 2.0 1. 566 
3.0 2. 059 3.0 2.147 
Wt methane : Wt methane : 
fi. = = -=(.062 : - -=0.064 
Wt air + C1O3F Wt air + ClO,F 
0.0 0.0 1, 223 
0.5 0.5 1. 453 
1.0 | 1.0 1.610 
2.0 2.0 1.650 
3.0 3.0 | 2. 374 
_ Wt methane 0.066 8 Wt methane =0.068 
“ Wt air + C1O;F = ’Wtair+ClO;F. 
0.0 1.190 0.0 1.148 «Ff 
0.5 } 1. 461 0.5 1.437 -£ fF 
1.0 1. 632 1. 653 a 
2.0 1. 693 2.0 1. 723 
Wt methane " Wt methane ss 
9. = ,=0.070 10. ——-; ~ ,=0.072 
Wt air + ClO3F Wt air + ClO;F 
0.0 1.094 0.0 1.017 
0.5 | 1.390 0.5 1. 358 
1.0 | 1. 665 1.0 1. 646 
2.0 | 1. 734 2.0 1.743 


Gas velocity =7 fps 


Wt methane , 
o = = - =().056 
Wt air + Cl1O;F 


0.0 1.156 
0.5 =a 

1.0 1. 349 
2.0 1. 633 








TaBLe 5. Effect of perchloryl fluoride addition on flame speed 


of methane—Continued 





Vol. percent 


ClO3F added 
to air 





| 


Flame speedfps || ClO3F added 


Vol. percent 
Flame speed fps 
to air 





Wt methane 


“Wt air + CIC 


0.0 | 
0.5 
1.0 
2.0 


Wt methan 

*” Wtair + CK 
0.0 
0.5 
1.0 

2.0 | 


)3F 





<= 0,062 
5 F 70-062 








Wt methan 
“ Wtair + Ci 


0.0 
0.5 
1.0 
2.0 


“ Wtair + Cit 


0.0 
0.5 
1.0 
2.0 


TABLE 6. Effect of oxygen addition on flame speed of methane 


Vol percent O2 
added to air 


Wt methan 


Wt methane 


. 
iets 


1.190 
1. 435 
1. 630 
2.016 


;=0.070 
)3F 


1. 094 
1. 366 
1.640 
2.074 


Flame speed fps \ 


A. Gas velocity 


e 


Wt methane 
—— i ae =(). OF 


* Wt air + C1O;F 





Wt methane 


— -=0.06 
* Wtair + C1O3;F ‘s 
0.0 1. 223 
0.5 1. 386 
1.0 | 1. 597 
2.0 | 1. 961 
8. w t methane _=0.068 
Wt air + ClO;F 
0.0 1.148 
0.5 1.411 
1.0 1. 634 
2.0 2. 022 
10 Wt methane =0.072 
*Wtair+Cl0O;F  ~ 
0.0 1.017 
0.5 1. 342 
1.0 1.613 
2.0 2.103 


‘ol percent O2 Flame speed fps 


added to air 


=4 fps 


‘ Wt methane 


4. war =().056 
Wt air+O2 “ 


0.0 1.079 
0.5 1. 223 
1.0 1. 338 
2.0 1. 347 
30 1. 369 
4.0 1. 482 
5.0 1. 567 
6.0 1. 576 


Wt methane 


* Wt air+O, — 

0.0 1.214 
0.5 1. 305 
1.0 1. 401 
2.0 1. 459 
3.0 1. 506 
4.0 1. 646 
5.0 1.755 
6.0 1. 758 





=().05: 

” Wt air+O2 om 
0.0 1.074 
0.5 1.140 
1.0 1. 233 
2.0 1. 267 
3.0 . 295 
4.0 1. 4€6 
5.0 1.472 
6.0 1. 467 

Wt methane 0.058 
Wt air+O2 es 
0.0 1.178 
0.5 1. 279 
1.0 1. 340 
2.0 1.419 
3.0 1.451 
4.0 1. 564 
5.0 1. 666 
6.0 1. 671 
Wt methane ' 
= =(0.062 
Wt air+O2 
0.0 1. 232 
0.5 q 
1.0 
2.0 
3.0 
4.0 
5.0 
6.0 





P Wt methane 0.084 
. = =(),06 
Wt air+O:2 


6.0 | 








TABLE 6. 


Effect of oxygen addition on flame speed of methane— 
Continued 


Vol percent O 
added to air 


Vol percent O Flame speed fps Flame speed fps 


added to air 


Wt methane Wt methane 








“ Wt air+O2 ow Wt air+O, vane 
0.0 1. 190 0.0 1. 148 
0.5 O.5 1. 260 
1.0 1.411 1.0 1. 392 
2.0 1. 537 2.0 1.472 
3.0 1. 632 3.0 1. 632 
4.0 1, 82 4.0) 1.815 
5.0 1. 971 5.0 007 

Wt methane 5 Wt methane 2 
9. 0.070 10 ).072 
Wt air+O2 Wt air+O2 
0.0 1. 094 0.0 1.017 
0.5 1. 200 0.5 1.117 

1.0 1. 336 1.0 1, 269 
2.0 1. 496 2.0 1. 459 
2.0 1.629 3.0 1.615 
4.0) 1.877 4.0 1. 871 
5.0 ? 041 5.0 2. 048 

B. Gas velocity =5 fps 
Wt methane 0.054 ». Wt methane 0.056 

* Wt air+O2 e “ Wt air+O2 waste 
0.0 1.078 0.0 
0 1. 147 0 
1.0 1, 200 1.0 
2.0 1. 255 2.0 
3.0 1. 347 3.0 
4.0 1 163 4.0 
5.0 1 451 5.0 
6.0 1. 480 6.0 

Wt methane E Wt methane 
=) Us ° 
Wt air+Qy2 Wt air+O> 0.060 
0.0 1.178 0.0 1. 212 
0.5 1. 280 0.5 1.312 

1.0 1. 434 1.0 1.375 
2.0 1. 425 2.0 1.476 
3.0 1. 503 3.0 1. 564 
4.0 1. 698 ‘aa 1. 685 
5.0 1.645 5.0 1. 724 
6.0 1. 688 6.0 1. 764 
, Wt methane e Wt methane . 

‘ 0.062 , 0.064 

Wt air + Op Wt air O 
0.0 1. 230 0.0 
0.5 1. 327 0.5 
1.0 1. 3Y8 0 
2.0 1. 525 2.0 
3.0 1. 621 3.0 
4.0 ] 762 4.0 
5.0 1.813 5.0 
6.0 1. 849 6.0 
~ Wt methane g Wt methane . 
‘ 0.066 0.068 
Wt air + O Wt air + 
0.0 1.190 0.0 
0.5 1. 304 0.5 
1.0 1, 389 1.0 
2.0 1. 577 2.0 
3.0 1, 665 3.0 
4.0 1. 851 4.0) 
5.0 1. 932 5.0 
6.0 1. 990 6.0 





ne— TABLE 6. Effect of oxygen addition on flame speed of methane | TaBLE 6. Effect of oxygen addition on flame speed of methane 
Continued Continued 


| | ‘ 1| 











| fps Vol percent O; | Flame speed fps Vol percent O Flame speed fps Vol percent O3 Flame speed fps Vol percent O3 Flame speed fps 
added to air added to air added to air added to air 
9. Wt methane 0.070 190, Wt metha.te -0.072 D. Gas velocity =7 fps 
Wt air + O» Wtair+O. ~~ Ss 
-_ — ~ - Wt methane - 1} Wt methane ~ 
1 = 0.054 2 : 0.056 
0.0 1.094 0.0 1.017 Wt air+0O; Wt air+O2 
0.5 1. 206 0.5 1.116 — — 
1.0 1. 311 1.0 1. 234 - 
2.0 1.545 >’ 1.519 0.0 1. 094 0.0 1. 156 
3.0 1.710 3.0 1. 699 0.5 . 0.5 
4.0 1. 904 4.0 1. 897 1.0 - 1.0 
5.0 > O19 50 2. (058 2.0 x 2.0 1. 310 
6.0 > U9 6.0 2.122 3.0 1. 279 3.0 1. 372 
4.0 1. 329 4.0 1. 444 
a 5 5.0 1. 436 5.0 1. 541 
6.0 1. 476 6.0 1. 588 
C. Gas velocity =6 fps Wt methane Wt methane ’ 
3 , 0.058 4 0.060 
as sini ™ aie Wt air+0O,. Wt air+O2 
1, Wt methane . » Wt methane i ” 
- oe 0.054 “. 0.056 
Wt air + O; Wt air + O2 0.0 1. 188 0.0 1.219 
| | en ieamanaik 0.5 1. 231 0.5 1. 274 
1.0 1.319 1.0 1. 373 
0.0 O94 0.0 2.0 1. 397 2.0 1. 461 
0.5 0.5 3.0 1. 456 3.0 1. 524 
1.0 1.0 4.0 1. 522 4.0 1. 620 
2.0 1. 254 2.0 5.0 1. 648 5.0 1. 729 
3.0 1. 316 3.0 6.0 1. 708 6.0 1. 804 
4.0 1 21 10 
5.0 1. 439 0 - 
6.0 1. 497 6.0 Wt methane . Wt methane ' 
0.062 6. 0.064 
— — Wt air+O. Wt air+O2 
2 Wt methane nina 4. Wt methane 08 : = = - = 
. : =0.058 . 0.060 
Wt air + O Wt air + O2 00 1. 233 0.0 1. 223 
0.5 1. 295 0.5 1. 306 
1.0 1. 400 1.0 1.413 
0.0 1. 188 0.0 1. 219 2.0 1. 488 2.0 1. §22 
0.5 1. 286 0 1.313 3.0 1. 561 3.0 1. 590 
1.0 1. 320 1.0 1. 369 1.0 1. 678 4.0 1. 728 
2.0 1.418 2.0 1. 488 5.0 1. 816 5.0 1. 825 
3.0 1. 500 3.0 1. 571 6.0 1. 87 6.0 1. 951 
10 1. 599 4.0 1.679 
5.0 1. 636 5.0 1.72 - 
6.0 1.722 6.0 1. 809 Wt methane ; Wt methane ' 
7 0.066 &. 0.068 
— Wt air+O, Wt air+O2 
_ Wt methane j Wt methane 1.064 i 5 
= = o. * 0.062 f y 
Wt air + O2 ‘a Wt air + O2 ‘ 0.0 0.0 1. 148 
0.5 0.5 1. 25) 
7 1.0 1.0 1. 389 
0.0 1. 233 0.0 1. 221 2.0 2.0 1. 521 
0.5 1. 329 0.5 1. 329 3.0 3.0 1. 632 
1.0 1.418 1.0 1. 402 4.0 4.0 1. 805 
2.0 1.519 2.0 1. 552 5.0 5.0 1. 955 
3.0 1. 614 +0 1. 650 6.0 6.0 2. 069 
1.0 1. 735 4.0 1. 785 
5.0 1.781 5.0 1. 853 ' ; 
6.0 1. S89 6.( 1. 955 Wt methane 4 Wt methane ~ 
: 9 0.070 10 0.072 
= Wt air+O2 Wt air+OQ,2 
Wt methane Wt methane 0.06 cs ; % 
* : 0.066 & ),.068 0.0 1. 094 0.0 1.017 
Wt air + Oa Wt air + O2 0.5 1. 194 0.5 1. 157 
oa z : 1.0 1. 347 1.0 1. 304 
0.0 1.1490 00 2.0 1. 490 0 1. 458 
rie ae 05 3.0 1. 680 3.0 1. 666 
10 1 380 10 4.0 1.816 4.0 1. 827 
2.0 1. 560 2.0 . U 1. 9X3 ». 1 we 
3.0 1. 689 3.0 6.0 2. O99 6.0 2.124 
4.0 1. 852 10 s 
5.0 1, 895 5.0 - 
6.0 2.014 6.0 5. Conclusions 
Wt methane _) jo, Wt methare_, ». Both perchloryl fluoride and oxygen increase the 
9 ).070 0 072 . ee. _ a —— ° 
Wt air+O Wt air+Os flame speed when added to burning mixtures. of 
“ is —— methane and air, and the effect of perchloryl! fluo- 
ee Aces oe A. O17 ride, on a molar basis, is greater than that of oxygen. 
0 1,213 0 1. 14¢ 5 5 
« ) . . . “0 
1.0 1. 315 1.0 1. 256 | However, preheating the methane-air mixture mod- 
2.0 1. 546 2 0 1. 506 : » : mes i ae ° > a , 
3.0 1716 3.0 1709 | erately, up to temperatures of 330° F, is more 
sp to = a effective in increasing flame speeds than the addition 
a! ) 2 5 . | "3 * e ° rin a 
6.0 2.115 6.0 2.130 of small amounts of either oxidant. The mixture 


- | ratio at which maximum flame speed occurs is dis- 
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placed beyond 0.072 by only small additions of either 
perchloryl] fluoride or oxygen. In the range of addi- 
tion of oxidants covered in this report, the maximum 
flame speed increases linearly with the addition of 
either perchloryl fluoride or oxygen, although at 
different rates. 
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Analysis of pyrolyzates of polystyrene and Poly(methyl 
methacrylate) by gas chromatography, /. A. Lehmann and 
G. M. Brauer, Anal. Chem. 33, No. 6, 673-676 (May 1961). 

Pyrolyzates of polystyrene and poly(methyl methacrylate) 
were studied at temperatures from 400 to 1100°C using gas 
chromatographic techniques. A small Vycor boat surrounded 
by a platinum heating coil was placed in the inlet system of 
the chromatograph. A 2 to 3 mg sample was degraded at a 
series of temperatures which were measured by means of a 
thermocouple placed in an indentation at the bottom of the 
boat. Helium carried the volatile products into the heated 
column of the chromatograph. Analyses of the products 
could usually be accomplished with a reproducibility of better 
than 1%. Polystyrene degraded mainly to monomer below 
700°C and poly(methyl methacrylate) behaves similarly 
below 450°C. At higher temperatures some gaseous and 
liquid decomposition products are formed which were identi- 
fied by their characteristic retention times. The technique 
uses inexpensive equipment and is generally applicable for 
the study of the thermal stability of polymers and _ their 
pyrolyzates. Results obtained are very helpful in identifying 
reaction products and in the elucidation of degradation 
mechanisms over wide temperature ranges. The procedure 
is also useful in the rapid characterization and quantitative 
estimation of the composition of complex copolymer systems. 


Microwave spectrum of isobutylene. Dipole moment, 
internal barrier, equilibrium conformation, structure, V. W. 
Laurie, J. Chem. Phys. 34, No. 5, 1516-1519 (May 1961). 
The microwave spectra of isobutylene and isobutylene-d-3 
have been studied in the region 17-36 kMe. Observed 
rotational constants (Me) for isobutylene are d9=9133.32, 
bo = 8381.75, co= 4615.99; for sym-isobutylene-d-3, a9 = 9132.59, 
bop = 7788.98, Co= 4431.05; for asym-isobutylene-d-3, 
a9 = 8819.46, bo=7981.08, co=4469.59. The most likely 
structure compatible with these data is r.-.=1.50; A, re-e 
=1.34 A, ren(methyl)=1.08; A, rcn(ethylenic)=1.08, A, 
<Me—C— Me=115.9°, HCH (methyl) =108°, <HCH 
(ethylenic) =117.5°. Measurements of the Stark effect show 
that the dipole moment h.=0.503+0.009 D. Fine structure 
leads to a barrier height hindering internal rotation of the 
methyl groups of 2.21 kcal/mole. The equilibrium conforma- 
tion is Cy» with two methyl hydrogens in the plane of the 
carbon atoms and the CH bonds pointing away from the 
symmetry axis. It is concluded that although CC single 
bonds are shortened when adjacent to a double bond, the 
double bond length is probably not much affected by the 
presence of an adjacent CHs; group. 


Nonequilibrium processes in isotopically disordered crystals. 
Dependence on degree of order, t. Zwanzig, J. Math. Phys. 
2, No. 3, 370-372 (May-June 1961). 

Maradudin, Weiss, and Jepsen have shown that approximate 
normal modes of isotopically disordered crystals decay 
irreversibly when the arrangement of isotopes is completely 
random. We generalize their results to erystals with an 
arbitrary degree of order. In particular, we show that 
irreversible behavior occurs whenever the spatial correlation 
between isotopic species extends over a fixed finite range, as 
the size of the crystal tends to infinity. 


Intermolecular forces from optical spectra of impurities in 
molecular crystals, 2k. W. Zwanzig, Molecular Phys. 3, No. 4, 
305-311 (July 1960). 

A procedure is outlined by which one can get information 
about the effects of electronic excitation on the interactions 
between molecules. The absorption and emission spectra of 
impurities in molecular crystals, and specifically the mean 
positions and widths of the lines are required as functions of 





temperature. A theory of M. Lax is used to relate mean 
position and width to intermolecular forces. The preliminary 
treatment of this problem by McCarty and Robinson is 
evaluated and extended: their procedure is expected to be 
valid for very narrow lines only. 


Spin-lattice relaxation in cerous magnesium nitrate, R. P. 
Hudson and R. S. Kaeser, Il Nuovo Cimento 19, Serie X, 
1275-1277 (Mar. 16, 1961). 

Measurements of the spin-lattice relaxation time, 7, at low 
audiofrequencies for cerous magnesium nitrate in the region 
of 2°K confirm the existence of an excited level at about 
25 em-!. The consequent exponential dependence of 7 on 
temperature, 7, gives way below 2°K to a term varying as 
T->. It seems likely that the latter arises from the combined 
effect of a direct relaxation process (7-!) and a “‘Raman- 
type’’ process (7-7), here making comparable contributions 
to the relaxation at an unusually low temperature. 


The photolysis of ethyl vinyl ether, E. Murad, J. Am. Chem. 
Soc. 83, 1327-1330 (1961). 

This direct photolysis of ethyl vinyl ether has been studied and 
the primary photochemical processes determined. The same 
processes have been found to occur in the mercury-sensitized 
decomposition, viz, 


CH,=CHOCH,CH;+ hy>C,H;+ CH,=CHO I 
—C,H,+ CH;CHO II 


An additional primary process was found to occur in the 
Co®y-radiolysis, viz, 


CH,= CHOCH,.CH;3+7—C,H;0+ CH.=CH IV 


The configuration of the excited state leading to process II 
is suggested to be a six-membered ring intermediate. 


Vapor phase gamma-radiolysis of azomethane, L. J. Stief 
and P. Ausloos, J. Phys. Chem. 65, 877-881 (1961). 

The effect of scavengers, pressure, temperature, and added 
zenon on the vapor phase y-radiolysis of azomethane has been 
investigated. Most of the results can be explained on the 
basis of free radical reactions similar to those occurring in the 
photolysis of azomethane. Values for the ratio of rate con- 
stants k'/k»;!/2 for the reactions 


{ CH3+ CH;N.CH;—~CH,+ CH2N.CH3 (1) 
CH;+CH;—>C,H;3 (2) 


determined from the radiolysis data are in excellent agree- 
ment with values based on photolysis experiments, indicating 
that methane and ethane are formed by the reactions of 
thermalized methyl radicals. The results are best explained 
on the basis of the decomposition of an electronically excited 
molecule, formed either by direct excitation or by ionization 
followed by neutralization. Ion decomposition and ion- 
molecule reactions of the usual type are shown to be incon- 
sistent with the results. 


Electron interferometer studies of iron whiskers, /H. A. 
Fowler, L. Marton, J. A. Simpson, and J. A. Suddeth, J. Appl 
Phys. 32, No. 6, 1153 (June 1961). 

Electron interference patterns have been obtained by using 
an iron whisker as the electrostatic fiber of a Méllenstadt (1) 
interferometer. The tilted fringes in the shadow pattern 
resemble those observed by Chambers (2) and show the re- 
lationship between flux leakage and geometrical shape of the 
whisker. Chambers’ general model of the flux configuration 
is confirmed. 
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(1) G. Méllenstadt and H. Diker, Z. Physik 145, 377 
(1956) ; 


(2) R. G. Chambers, Phys. Rev. Letters 5, 3 (July 1960). 


Dissociation constant of the protonated acid form of 2-amino- 
2-(hydroxymethyl)-1, 3-propanediol [tris (hydroxymethyl) - 
aminomethane] and related thermodynamic quantities from 
0 to 50°, R. G. Bates and H. B. Hetzer, J. Phys. Chem. 65, 
667-671 (1961). 

The thermodynamic dissociation constant (K,,) of the pro- 
tonated form (BH*+) of 2-amino-2-(hydroxymethy])-1,3- 
propanediol [iris (hydroxymethyl)aminomethane] has been 
determined at 11 temperatures from 0 to 50° by measurement 
of the electromotive force of hydrogen-silver chloride cells 


without liquid junction. The results are given by the 
equation 
. 2981.4 » ite 
ae =” — 3.5888 +0.005571 T, 
where 7 is in °K. The changes of free energy, enthalpy, 


entropy, and heat capacity were computed for the dissociation 
of the cation acid BHt+ in the standard state, as well as for the 
basic dissociation, B+H,O=BH++OH-. 

For the acidic dissociation at 25°, AG° is 46,075 j mole, 
AH® is 47,600 j mole-!, AS°=5.1 j deg! mole, and AC; 
is —64j deg"! mole—!. The activity-coefficient term is consistent 
with an ion-size parameter of zero; hence, incomplete dissociation 
of the salt BHC] is suggested. The entropy changes for the 
isoelectric dissociation of cation acids (BH*+) appear to in- 
dicate restrictive orientation of solvent molecules about the 
ions and the attendant hindrance of free rotation about carbon- 
carbon bonds. This simple picture is, however, unable to 
account satisfactorily for the observed changes in heat 
sapacity. 





Hyperfine structure and isotope shifts in the 2537—A line of | 


mercury, W. G. Schweitzer, Jr., J. Opt. Soc. Am. 51, No. 6, 
692-693 (June 1961). ? 

The hyperfine structure and isotope shifts in the 2537 A line 
of natural mercury have been measured with high precision 
using interferometric techniques on the absorption spectrum 
of an atomic beam. 

Paramagnetic substances for nuclear orientation, /??. P. 
Hudson, Prog. in Cryogenics, 3, 99-127 (1961). 

An account is given of the magnetic and thermal properties 
of the substances which have proved most useful for produc- 
ing nuclear orientation at very low temperatures. This is 
prefaced by a discussion of factors affecting the choice of 
substance. 


Age to indium resonance for D-D neutrons in heavy water, 
V. Spiegel, Jr., and A. C. B. Richardson, Nuclear Sci. and 
Fng. 10, No. 1, 11-15 (1961). 

The neutron age to the 1.44 ev resonance in indium has been 
determined from activation measurements for a D(d,n)He* 
neutron source in heavy water. Appropriately averaged and 
corrected indium foil activities yield the value 115.5+ 1.4 
em? for the age in an infinite medium. Independent theoreti- 
cal calculations for exactly this experimental arrangement by 
Cooper and for a comparable case by Sullivan both yield 
values in agreement with this experimental result. It appears, 
therefore, that there is at present no discrepancy between 
theory and experiment for the age of 2-3 Mev neutrons in 
heavy water. 


Magnetic properties and optical absorption spectrum of | 


K,ReCk, J. C. Eisenstein, J. Chem. Phys. 34, No. 5, 1628 
1648 (May 1961). 

A phenomenological theory of certain physical properties of 
the (ReClk)?- complex ion is presented here. The ion can be 
described in terms of a set of parameters which includes the 
strength of the octahedral ligand field, the Coulomb integrals, 
the spin-orbit coupling constant and the orbital reduction 
factors. The interaction matrices for the three electron 
system are given in algebraic form. With an appropriate 
choice of the parameters the eigenvalues of these matrices 
are in fair agreement with the observed energy levels of the 
system. The effect of a departure from strict octahedral 


symmetry is discussed. The matrix elements of the magnetic 
moment operator are also given in algebraic form and then 
used in a calculation of the susceptibility. The discripaney 
between theory and experiment is attributed to a super- 
exchange interaction with leads, at sufficiently low tempera- 
tures, to antiferromagnetism of the compound. Finally, the 
results of paramagnetic resonance experiments on K,ReCl, 
are considered. 


Calculations of the neutron age in water and heavy water for 
D-D sources, J. W. Cooper, Nuclear Sci. and Eng. 10, No. 1, 
1-10 (May 1961). 

Calculations of the age to indium resonance of neutrons from 
the reaction D(d,n)He’ in water and heavy water have been 
performed by the Monte Carlo method. The calculations 
were designed to simulate the experiments of Spiegel et al. 
The effect of the duct used to lead the deuteron beam into 
the medium was investigated. The computations show 
agreement with the experimental results and with a similar 
calculation performed by C. R. Mullin. 


Magnetic susceptibility of cerous magnesium nitrate, I. P. 
Hudson and W. R. Hosler, Phys. Rev. 122, No. 5, 1417-1420 
(June 1961). 

The most striking features of the behavior of cerous mag- 
nesium nitrate at liquid helium temperatures—extremely 
anisotropic susceptibility with g)~0, a large temperature- 
independent term in x ,, the spin-lattice relaxation time vary- 
ing as the twelfth or higher power of 7 in the region of 
2°K—have until very recently received no detailed explana- 
tion. A measurement of x, between 4°K and 300°K was 
undertaken to elicit information on the energies of the excited 
doublets within the J=5/2 ground multiplet, and thus to 
provide a guide for the reassessment of the crystal field 
parameters. We find 6, and 6 to be 30 and (roughly) 
200 em~! respectively, in contrast to the 113 and 150 cm~! of 
of existing theory. The results are at variance with the 
published data for x, above 85°K, but are in fairly good 
agreement with the Leask and Wolf at 
low temperatures. 


recent findings of 


Use of gaussian orbitals for atoms-in-molecule calculations, 
M. Kraus, J. Chem. Phys. 34, No. 2, 692-693 (February 1961). 
The use of Gaussian functions is proposed for ‘atoms-in- 
molecule” calculations and applied for the ease of Hy. Rea- 
sonably accurate results are obtained for the equilibrium inter- 
nuclear distance and the binding energy. The results justify 
further work with more complicated systems. 


Measurement of minority carrier lifetime in SiC by a novel 
electroluminescent method, G. G. Harman and Rk. L. Raybold, 
J. Appl. Phys. 32, No. 6, 1168-1169 (June 1961). 

A new method of measuring the lifetime of minority carriers 
in large energy gap semiconductors is described. This con- 
sists of injecting and subsequently extracting carriers with a 
sine wave generator while monitoring the average carrier 
concentration by observing the emitted recombination radia- 
tion. When 1/f seconds is comparable to the lifetime this 
average emitted light falls off sharply. The method was 
applied to silicon carbide crystals and it was found that the 
majority had lifetimes~10-5 sec but a few were as long as 
10-6 see. 


Absolute measurement of W for Po?'° alpha particles in air, 
nitrogen and carbon dioxide, Z. Bay, P. A. Newman, and H. 
H. Seliger, Radiation Research 14, No. 5, 551-565 (May 1961). 
The average energy (W) expended in producing an ion pair in 
air nitrogen, and carbon dioxide was measured for the alpha 
particles of Po?! while they are slowed down from their 
initial energy (5.305 Mev) to zero energy. The ionization 
chamber was used simultaneously in these measurements as 
an integrating current-measuring chamber and as a_ pulse 
ionization chamber. In this way, the ratio of the total charge 
measured to the total number of pulses counted is independent 
of the random statistical fluctuations in the emission rate of 
the low activity sources used. A small part of the chamber 
wall (which served as the high-voltage electrode) holding the 
alpha source and separated AC-wise from the rest of the cham- 
ber was used for pulse counting. A careful investigation of 
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the various factors involved helped to obtain a final accuracy 
of the measurements of about 0.1%. The results are Waai- 
35.2+0.1 ev/ion pair, W,N.=36.4+0.1 ev/ion pair and 
W,C0.=34.3+0.2 ev/ion pair. The indicated uncertainties 
include the standard errors of the respective means plus an 
allowance for other known sources of possible errors. 


The structure of the monoclinic form of sodium tetrameta- 
phosphate tetrahydrate, H. M. Ondik, C. H. MacGillavry, 
and S. Block, Acta. Cryst. 14, 555 (1961). 

Crystals of monoclinic sodium tetrametaphosphate tetra- 
hydrate, Na,yPyO,.-4H.O, are needlelike in habit, elongated 
along c. The unit cell dimensions are a=9.667+0.002, 
b= 12.358 + 0.002, c=6.170+0.001 A, B=92°16’ +10’; space 
group P2,/a, Z=2. Two sets of three-dimensional X-ray 
diffraction data were collected with Cuk, radiation using 
Weissenberg multiple-film techniques and the intensities 
were measured photometrically. The structure was deter- 
mined by a combination of three-dimensional Patterson and 
electron-density syntheses, and a complete-matrix least- 
squares reduction of data. The final R value for 831 non- 
zero reflections is 0.108. Individual isotropic temperature 
factors were used. 

The tetrametaphosphate rings are on centers of symmetry 
The sodium ions are coordinated by six oxygen atoms in 
roughly octahedral configuration. One sodium ion links the 
rings in a network parallel to the ab plane. The other al- 
ternates with the rings linking them along c. 


Mass spectrometric study of cyanogen and cyanoacetylenes, 
V. H. Dibeler, R. M. Reese, and J. L. Franklin, J. Am. Chem. 
Soc. 83, 1813-1818 (1961). 

Relative abundances and appearance potentials are reported 
for the principal ions in the mass spectra of cyanogen, cyano- 
acetylene, dicyanoacetylene, and dicyanodiacetylene. Heats 
of formation of radicals and radical ions are calculated and 
the energetically probable ionization-dissociation processes 
are tabulated. Carbon-carbon and carbon-nitrogen bond 
dissociation energies are calculated for various ionized and 
neutral molecular species. 


Energy levels and magnetic dipole transitions in the 4p" 
ground configuration of singly ionized atomic bromine (Br II)’ 
W. C. Martin and J. L. Tech, J. Opt. Soc. Am. 61, No. 6; 
591-594 (June 1961). 

Improved values of the previously known Br II energy levels 
relative to the 4p* 3p. ground level at 0.0 em~!, have been 
obtained from preliminary observations in the vacuum ultra- 
violet region. The position of the 4p‘ !So level was found 
from the “forbidden” transition, 4p* *p,—4p4 1So at 4042.42 
A. An observation of the transverse Zeeman effect for this 
line yields a Lorentz triplet with the usual polarizations re- 
versed and approximately the expected splitting. It is thus 
confirmed that the line arises from magnetic-dipole radiation. 
A similar line at 8269.65 A, due to the transition 4p‘ 3p. 
4p*! D., shows hyperfine-structure broadening consistent with 
the calculated structure. New values for the excited levels 
of 4p‘ are: 3p, =3136.4 em~!, 3p) = 3837.5 em~!, 'D.=12089.1 
em=!, and !S,;=27867.1 em-!. The values for the levels of all 
configurations above 4p‘, as given in Atomic Energy Levels, 
Vol. II, should be reduced by 5.9+0.5 em, Previous 
values for the levels of 4p* were also in error by several em~!, 
and earlier evidence for the position of 4p* 'Sp was inconclu- 
sive. Intermediate-coupling parameter values which vield a 
good fit for Br 1 4p‘ are F2(4p,4p) = 1690 em™! and ¢(4p) = 
2800 cm~!. 


An improved structure determination for vinyl fluoride, 
D. R. Lide, Jr., and D. Christensen, Spectrochim. Acta 17, 
665-668 (1961). 

The previously published rotational constants of 8 isotopic 
species of vinyl fluoride have been used to calculate an r, 
(substitution) structure for the molecule. The results are: 
r (CC) =1.329+0.006 A, r (CF) =1.347+0.009 A, FCC- 
120.8°+0.3°, xFCH=110°+1°, r (CH) =1.032+0.004 A; 
in the CH, group: r (CH) =1.077+ 0.003 A and x HCC 
119.0°+0.3° for the CH bond trans to F; r (CH) =1.087+ 
0.002 A and HCC =120.9° +0.3° for the CH bond cis to F. 
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1961) 75 cents. 

A new airglow photometer. C. M. Purdy, L. R. Megill, and 
F. E. Roach. 

A guide to the use of the modified reflectometer technique 
of VSWR measurement. W. J. Anson. 

An X-ray diffractometer cryostat providing temperature 
control in the range 4 to 300 °K. F. A. Mauer and L. H. 
Bolz. 

Apparatus for determination of pressure-density-temperature 
relations and specific heats of hydrogen to 350 atmospheres 
at temperatures above 14 °K. Robert D. Goodwin. 

The use of a thermistor for detecting eluent fronts in liquid- 
solid chromatography. G.S. Ross. 

Radiation field from a circular disk source. J. H. Hubbell, 
R. L. Bach, and R. J. Herbold. 
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A. H. Morgan. 
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and L, D. Wilson. : 
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W. B. Chadwick. 
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A. C. Wilson. 
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